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ABSTRACT 
The past decade has seen a dramatic increase in the number of satellites operating or proposing 
to operate in the VHF frequency band. Favourable propagation conditions, a wealth of 
expertise and the availability of low cost equipment, have all resulted in the selection of this 
band for use by the Non-Geostationary Non-Voice Mobile Satellite Systems (NVNG MSS). 
The radio frequency spectrum is however a scarce resource and utilisation of these frequencies 
is already very high, with this band used extensively throughout the world by land mobile and 
fixed terrestrial services. As free spectrum is non-existent, new systems wishing to operate in 
this band must co-exist with other users both satellite and terrestrial. With the increasing 
levels of congestion the potential for interference is high. Practical experience gained from the 
operation of the Surrey microsatellites has found that while theoretical link analysis predicts 
favourable operating conditions, interference can cause severe degradation, often rendering the 
channel unusable for prolonged periods. 
Although interest in low earth orbit satellite communications continues to grow, it has until 
now been limited by the availability of satellites able to perform measurements in the 
appropriate orbit or frequency band. This thesis examines the in-orbit measurement, analysis, 
and avoidance of interference within this band, and the practical use of such measurements in 
the regulatory arena and system design of a Little-LEO satellite constellation. 
Using microsatellites designed and developed at the Surrey Space Centre, the first global 
measurements of the interference environment in the 148 MHz to 150 MHz frequency band 
have been performed, providing valuable and much needed information about this environment. 
Analysis of these results show categorically that levels vary significantly with geographic 
location, time of day and frequency of operation, and that levels are sufficiently high in some 
parts of the world to render particular frequencies unusable. Models have been developed 
which show the type and level of all major interference sources in a number of geographical 
regions, providing valuable information for engineers designing systems to operate in this band. 
A scheme has been devised for improving the performance of the Surrey store and forward 
communications system, dynamically allocating the satellites operating frequency based on the 
local interference environment, thereby actively avoiding interference. 
The relevance and importance of this research is demonstrated by the significant commercial 
and academic interest generated by it, in particular the use of this research at international level 
in the Little-LEO regulatory activities and in the design of a commercial low earth orbit 
satellite constellation. 
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1 Introduction 
The past decade has seen a number of revolutionary changes within the field of 
communications, one specific example being the utilisation of small, low Earth orbiting 
satellites, capable of providing low cost global communications [3]. A number of systems have 
been designed which comprise a single satellite or constellation of satellites providing global 
communications for applications such as voice, data, fax, property tracking and telemonitoring 
[165]. These low Earth orbiting satellite systems have been classified as 'Big-LEO' and 
`Little-LEO' systems. The Big-LEO systems operate at frequencies above 1 GHz, providing 
real time voice and data communications, while the Little-LEO systems operate at frequencies 
below 1 GHz, providing non-real time data communications for applications such as property 
tracking, store and forward communications and telemonitoring. 
Radio spectrum utilisation is co-ordinated and managed on a global level by the International 
Telecommunications Union (ITU) [ 13,180]. While they strive to accommodate the 
requirements of new systems, radio spectrum is a scarce resource and, inevitably, services must 
share. During the 1992 World Administrative Radio Conference WARC'92, frequencies were 
allocated within the VHF band between 148MHz - 149.9MHz for use by the Little-LEO 
services [85]. These frequencies were granted on the premise that the new systems would 
co-exist on a non-interfering basis with the existing satellite and terrestrial systems. 
Operational experience gained from satellites operated at the University of Surrey [ 164] has 
shown, however, that interference can cause severe degradation to systems operating within the 
VHF band. With the planned introduction of a number of Little-LEO systems and the 
expansion of the existing terrestrial services within this band, the potential for interference is 
likely to increase. This thesis and my research are primarily concerned with the subject of the 
Little-LEO VHF band interference environment, its measurement, analysis and avoidance 
techniques. 
1.1 Motivation and objectives 
Since 1981 the University of Surrey has been involved in the design, development, launch and 
operation of low Earth orbiting satellites. Many of these satellites provide digital store and 
forward communications, operating within the VHF and UHF bands [6]. While the theoretical 
analysis of these communication systems leads one to expect a healthy link margin, the 
practical reality is often somewhat different. Operational experience has found that 
interference is a significant cause of degradation, often rendering the channel unusable for 
prolonged periods. 
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The original motivation for this research, therefore, came from the experience gained from the 
operation of the Surrey satellites. The interference levels were suspected to vary between 
geographical locations, and were believed to vary with time and frequency. The objectives of 
this research programme are very much reflected in the organisation of this thesis. The 
research was started to investigate and quantify the potential for interference within the VHF 
band globally, the purpose being to identify a suitable avoidance technique so that digital store 
and forward communications could continue to be supported within the band. 
Research interest in the low Earth orbit VHF band communications environment has also 
increased dramatically since the introduction of the Little-LEO frequency allocations in 1992. 
This research has, however, been limited by a lack of satellites operating within suitable orbits 
or at the appropriate frequencies [74]. Although a number of experimental missions have been 
flown, the resulting information has never been reported openly [7,25]. During the course of 
this research programme, a number of experimental measurement campaigns were undertaken, 
using satellites in representative orbits, designed and developed at Surrey. These results are the 
first such measurements to be published in the open literature. Consequently, this research 
programme, the measurements and results, have been used in the system design phase of the 
ESAT Little-LEO constellation and have also aided in the European regulatory issues relating 
to spectrum sharing within the Little-LEO VHF band. 
The research was undertaken as part of the activities of the Surrey Space Centre [163], a 
combined academic research centre and University-owned company which is devoted to the 
application, development and exploitation of small satellites. I am fortunate in that this unique 
environment has provided both the support to perform the research, and the in-orbit assets to 
carry out the measurements required. 
Working within the Centre as a research engineer responsible for the digital signal processing 
payload, and actively participating in the satellite operations, I have obtained a thorough 
understanding of small satellite design, development and operations, all of which has proved 
invaluable in performing this research. I have been involved in a number of satellite 
programmes, including: 
FASat-Bravo, Thai-Phutt, TiungSAT-1, UoSAT-12, Tsinghua-1 and E-SAT 
A number of these satellites have provided the test platforms for software development and the 
in-orbit assets required to conduct the experimental measurements, without which this research 
would not have been possible. 
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1.2 Structure 
The structure of this thesis, illustrated in Figure 1-1, follows the logical progression of the 
research programme, namely the measurement, analysis, modelling and avoidance of the 
Little-LEO VHF band interference environment. The thesis has been divided into eight 
chapters, the contents of which address each of the particular issues. 
Chapter One 
Introduct on 
Chapter Two 
6od, ground 
m aterioI 
Chapter Three 
M. easurement 
Chapter Four 
Ana". is 
Chapter Five 
Ii k, 5uits Chapter Six 
V Is and 
nlgorrthnr Chapter Seven 
Apps cations and 
T interference avodonce 
Chapter Eight 
Conclusions and 
f ut ura war k 
Figure 1-1. Thesis structure 
This chapter introduces the topic, motivation, and the most significant achievements made 
during the course of this research. It also provides a guide to the layout and organisation of the 
thesis. 
The amount of background material presented here has been kept to a minimum: it has been 
assumed that the reader has at least some knowledge of satellite systems and satellite 
communications. Essential background material is provided in chapter two. It has been divided 
into four sections; satellite communications, frequency allocations and regulation, the low Earth 
orbit communications environment, and the Surrey microsatellite platform. 
The body of my research is contained within the five original sections, chapter three - 
interference measurement, chapter four - interference analysis, chapter five - results, chapter 
six - models and algorithms, and chapter seven - practical applications and 
interference 
avoidance strategies. Each of these follows a similar structure, beginning where possible with a 
review of other related work and reference literature, concluding with a summary of the most 
significant aspects of the chapter. 
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Prior to this research, little information and very few measurement results existed within the 
public domain for the global Little-LEO VHF band channel occupancy or interference 
environment. It is believed that other measurements have been made, results from which have 
never been published within the open literature. Chapter three describes how a number of 
measurement campaigns have been conducted using microsatellites designed, developed and 
launched by Surrey. The initial measurements were performed using an existing operational 
microsatellites, HealthSAT-II [6]. While not specifically designed to perform such a task, it has 
nevertheless enabled a limited number of measurements to be made, and has provided valuable 
information as to the temporal and geographical varying nature of the interference environment. 
The most recent measurements have been made using an experimental payload specifically 
designed to perform VHF band research [125]. The payload launched in July 1998 on the 
FASat-Bravo microsatellite has enabled detailed information of the VHF band interference 
environment to be obtained. The in-orbit surveys have provided valuable results, which have 
both aided in the development of the interference avoidance algorithm, and been used by a 
number of organisations including the European regulatory committees [24,25,27,31 ]. 
Chapter four examines the techniques used in the analysis of the in-orbit measurements, 
examining the temporal, frequency, geographic and statistical nature of the environment. 
Analysis of the data has been guided by the practical applications to which the results have 
been applied, in aiding regulatory issues, the ESAT system design, and the development of the 
interference avoidance algorithm. 
In chapter five, results from the measurement campaigns are presented. Analysis of the data 
obtained over the last three years has provided substantial information about the global VHF 
band interference environment and levels of channel occupancy. The results clearly show that 
levels vary considerably with geographical location, frequency and time. 
Chapter six describes how the measurements and results have been used to model the 
interference environment. In an environment such as this, where conditions are continuously 
changing, the emphasis is placed on the modelling technique and ways in which a model may 
be continuously updated to reflect the changes in environment. A number of models have been 
produced which reflect the varying environment encountered within the band at a number of 
different geographical locations. 
Chapter seven examines the practical application of this research, and in particular the use of 
the in-orbit measurements in the development of an interference avoidance algorithm. 
Operational experience, backed by the measurements and analysis presented in this thesis, show 
that communications to small low powered ground terminals can be severely affected 
by the 
interference produced by other services operating within the same band. A technique has been 
developed which allows the interference to be avoided by means of dynamic channel allocation, 
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minimising the effects of interference, and allowing the store and forward communications 
scheme to continue to operate within the VHF band. While the scheme proposed is specifically 
designed to improve the operating performance of the Surrey store and forward scheme, the 
techniques and principles employed are equally applicable to other systems. 
In chapter eight the conclusions reached during the various stages of this research programme 
are discussed, and areas of future work and interest examined. The relevance of this research 
has been confirmed by its continuing capacity to generate significant interest both academically 
and commercially, which in turn has provided a continual stream of ideas and inspiration. The 
chapter shows that while the research began with some very firm ideas and a specific 
application, the results and conclusions generated can be, and indeed have been, applied to 
other systems operating within the band. 
This thesis is organised and structured such that all references along with the bibliographic 
references are provided in the appendices. 
1.3 Original achievements 
During the course of this research programme a number of significant original achievements 
have been made. These include: 
The first measurements of global VHF band interference environment or channel 
occupancy to be published. This is a significant contribution to the area, demonstrating the 
ability of a "low cost" microsatellite based payload to perform such measurements, and also 
providing valuable data for the VHF band channel occupancy and interference 
environment. The measurements performed have been used in both the system design of a 
Little-LEO constellation and in the European regulatory issues relating to spectrum sharing 
within the Little-LEO VHF band. 
The analysed results are the first to show categorically that frequency usage, channel 
occupancy or interference levels vary with geographical location, frequency and time. 
They also show geographical "hot spots": locations where the levels of interference are so 
high that the use of fixed frequency satellite communication systems over these locations is 
limited. 
Models have been developed based on real measurements that allow channel conditions and 
probability of interference to be estimated, and channel occupancy and channel availability 
to be predicted. 
An autonomous global VHF band interference model has been developed for use primarily 
by the interference avoidance algorithm, although it is applicable for use in other 
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applications. The conditions within the VHF band are known to change continuously, as 
new services are introduced and old ones are removed. The model is therefore maintained 
by continually monitoring the environment, and updating itself. 
An interference avoidance technique has been developed to improve the operating 
environment of a store and forward communications system operating within the VHF 
band. 
There are of course other discoveries resulting from this research which are described 
throughout this thesis and summarised in the conclusions presented in chapter eight. 
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2 Background material 
This chapter provides background information relevant to this research, and will aid in the 
understanding of material presented in subsequent sections. The reader is assumed to have a 
basic knowledge of satellite systems and satellite communications, allowing the amount of 
background reference material to be kept to a minimum. The chapter is divided into four 
sections: communication satellites; frequency allocations and regulations; the low Earth orbit 
communications environment; and the Surrey microsatellite platform, each of which presents 
reference material appropriate to this work. 
The first section examines aspects of satellite communications that are of importance to this 
research. A brief historical overview has been included, since it is interesting to see how in 
little over forty years the field of satellite communications has progressed. In the beginning, the 
low Earth orbit was considered to be of very little use, especially for communication 
applications. It is only recently that the full potential of the low Earth orbit has been realised 
and exploited, constellations of low Earth orbiting satellites now providing low cost global 
communications. Concepts such as orbits, ground tracks and footprints are examined with 
comparisons made between the conventional geostationary orbit and the low Earth orbit. The 
use of the low Earth orbit for communication applications is then discussed, with the emphasis 
placed on those systems operating or proposing to operate in the frequency band of interest. 
In the second section, the subject of frequency allocations and regulations is examined, in 
particular the co-ordination and management of the radio spectrum throughout the world. 
While regulatory organisations strive to accommodate the requirements of new systems, the 
radio spectrum is a limited resource, and new systems, if they are to be accommodated, must 
co-exist alongside existing ones. The recent introduction of Little-LEO frequency allocations is 
discussed along with the issues raised by their introduction. For completeness, the global VHF 
band frequency allocations have been included in the appendices. 
The third section provides a review of VHF band propagation conditions and the low Earth 
orbit communications environment. Satellites operating in such an orbit have an orbital period 
less than that of the rotation of the Earth, so the satellites appear to move with respect to a point 
on the Earth's surface. This environment has, therefore, more in common with the land mobile 
communications channel than with the conventional satellite channel. The effects of Doppler, 
free space loss, multipath, blocking and interference are all examined. 
Finally, a detailed description of the Surrey microsatellite platform and its store and forward 
communications scheme is provided. These low Earth orbiting microsatellites operate in the 
VHF and UHF bands and are used for a variety of applications including world-wide digital 
store and forward communications. It is from operational experience of these satellites, where 
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interference often causes severe degradation to the received signal, thereby limiting the 
performance of the communications system, that this research originated. 
2.1 Communication Satellites 
2.1.1 Brief historical overview 
Early communications satellites were primitive by today's standards. The first man-made 
communications satellite, Project SCORE (Signal Communication by Orbiting Relay 
Equipment), was designed by the United States Advanced Research Project Agency (ARPA) 
and launched on the 18th December 1958. The project consisted of radio relay equipment fitted 
into the nose cone of an Atlas intercontinental ballistic missile. The mission's primary objective 
was to prove that the Atlas could place a payload into orbit, and its second objective was its 
store and forward transponder. The transponder stored data on a magnetic tape recorder and 
operated for a twelve day period, relaying a Christmas message from the President of the 
United States, President Eisenhower [17]. Experiments were also carried out using passive 
reflectors. The first, ECHO-l, launched on the 12`h August 1960, was a 30.5m diameter 
aluminised mylar balloon, inflated in orbit by a chemical reaction. This passive reflector 
supported the first 2-way satellite telephone conversation and first facsimile transmission, 
between California and Massachusetts on the 24`h February 1962. While passive reflectors 
were extremely desirable due to their simplicity, they were very inefficient at reflecting the 
transmitted signal [71,178]. 
Despite the early pioneering experiments, it was not until the launch of Telstar-1, on the 10th 
July 1962, that the world became truly aware of the potential of satellite communications. 
Telstar-1, developed by the American Telephone and Telegraph Company (AT&T) was the 
first true active telecommunications satellite. The satellite performed the first transatlantic live 
television broadcast between the United States and Europe, marking the beginning of 
commercial satellite communications. At the same time, the American Government funded the 
Relay mission. Both Telstar and Relay were used to gain the knowledge and develop the 
technologies required to place a satellite into geostationary orbit. 
It was not until technological developments were made in satellite attitude and orbit control that 
the first geostationary satellites were placed in orbit. The first successful geostationary 
satellite, Syncom 3, launched on the 19`h August 1964, was used to broadcast Tokyo's Olympic 
games to the US in October 1964; the satellite was then turned over to the military for 
communication links during the Vietnam War. Since then many commercial communications 
satellites have been launched into geostationary orbit, with a number of amateur satellites being 
launched into LEO. It is only within the last six years that commercial interest has returned to 
the low Earth orbit, with constellations of satellites providing global voice and data 
communications. 
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2.1.2 Satellite orbits, ground tracks and footprints 
The orbit of a satellite has a significant impact on the operating conditions and environment in 
which it will operate, and the type of applications for which it is best suited. While many of the 
early experimental satellites were launched into a low Earth orbit, this was believed to be 
unsuitable for communication applications, so emphasis was placed on developing the 
technology required to launch and operate satellites in a geostationary orbit. It is only relatively 
recently, with the advances in low-cost small satellite design, that the potential for low Earth 
orbit has been identified and exploited. A number of different orbits have been used for 
communication applications, illustrated in Figure 2-1 and summarised in Table 2-1. This 
discussion, however, will be limited to low Earth orbit, using the conventional geostationary 
orbit for comparison. 
Tundra 
1 
R4. se- 9, 
LEO Low Earth Orbit 
MEO Medium Earth Orbit 
HEO Highly Elliptical Orbit 
200 km - 2000 km 
2000 km - 20000 km 
Typical : 
Perigee 500 km apogee 50,000 km 
GEO Geostationary Orbit 36000 km 
Table 2-1. Satellite orbits 
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2.1.2.1 Geostationary Orbit (GEO) 
One of the most common and widely known orbits is that of the geostationary orbit, devised in 
1929, many years before the launch of the first satellite, by the Australian engineer 
H. Noordwig [ 116,130]. He showed that a satellite placed in a circular orbit in the plane of the 
equator and located at an altitude of 35786 km would have an orbital period of 1436 minutes, 
and would therefore appear stationary when viewed from the Earth. At this altitude, 42% of the 
Earth's surface is visible to a single satellite. Figure 2-2 shows the Earth coverage for a 
geostationary satellite at 0° Longitude. 
o 
Figure 2-2. Earth coverage, single GEO satellite at 0° longitude 
Several years later in 1945, Arthur C. Clark suggested a practical application for this orbit; 
namely global communications using three satellites [37], as illustrated in the figure below. 
Today, many of the large telecommunications satellites operate within the geostationary orbit. 
Earth Orbit,.... 
Satellite 
Three 
Figure 2-3. Clark's constellation 
2.1.2.2 Low Earth Orbit (LEO) 
It is only within the past decade that the low Earth orbit has begun to be exploited for 
telecommunications applications. Low Earth orbits are those circular or elliptical orbits at 
altitudes of between 200km and 2000km. At these altitudes the orbital period of the satellite is 
less than 24 hours, and the satellite appears to move relative to a fixed point on the Earth's 
surface. From the perspective of a groundstation, this makes a low Earth orbiting satellite very 
different from a geostationary one. While a geostationary satellite appears fixed in the sky, a 
low Earth orbiting satellite is constantly on the move, rising up above the horizon, transiting the 
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groundstation and finally setting. The precise duration and occurrence of these transits or 
passes depends heavily on the altitude of the satellite, and the geographical location of the 
groundstation. 
Sub satellite point (SSP) 
The sub satellite point (SSP) shown in Figure 2-4 is defined as the point of intersection on the 
surface of the Earth of an imaginary line between the Earth's geocentre and the satellite, and is 
normally defined in terms of longitude and latitude. 
Centre of mass 
of the earth. 
h 
Ize 
55P XV 
RE - Earth's Radius 
h- Satellite's Altitude 
Figure 2-4. Sub-satellite point 
Satellite ground track 
The satellite ground track provides a pictorial representation of the path the satellite traces on 
the Earth's surface as it orbits, and is constructed by plotting the sub-satellite point (SSP) over 
a period of time. Figure 2-5 shows an example orbit and satellite ground track plotted on an 
unprojected map' of the Earth's surface for a satellite in a low Earth orbit. 
10V 
0 
Figure 2-5. Example satellite orbit and ground track 
'There is often confusion between the unprojected map and Mercator projection. This is explained in 
Appendix E. 
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Since the orbital period of the satellite is less than the rotational period of the Earth, the 
satellite ground track appears to move across the Earth, with successive ground tracks 
appearing to shift west on each orbit, as illustrated in Figure 2-6. It can also be seen that a 
single low Earth orbit satellite could be used to provide coverage over the entire Earth. 
Figure 2-6. Successive ground tracks 
The exact coverage is dependent on the orbital parameters, in particular the inclination which 
dictates the maximum latitude of operation, and the altitude which has a number of effects on 
the operating environment, Earth coverage, orbital period, path loss and delay 
Inclination 
Inclination is defined as the angle between the orbital plane and the equatorial plane, and 
controls the highest latitude reached by a satellite during its orbit. Placing a satellite into a 90° 
inclination orbit or polar orbit, Figure 2-7a, allows a single satellite to provide global coverage. 
North 
_: AD 
Direct (Prograde) Orbit 0si< 90' 
Satellite moves in direction of earths rotation 
Indirect (Retrograde) Orbit 90 <i <_ 180' 
Satellite moves against the direction of earths rotation 
Figure 2-7. Satellite orbits 
a) polar orbit b) equatorial orbit c) direct and indirect orbits 
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Operating environment 
As well as affecting the orbital period and Earth coverage, the choice of altitude also has a 
significant effect on the operational environment of the orbit. The dominant effects are those of 
drag and radiation. A satellite in a low altitude orbit will experience considerable drag, quickly 
re-entering the Earth's atmosphere if unable to provide compensation. A satellite in a high 
altitude orbit will be subjected to high levels of radiation [16], substantially reducing the 
lifetime of the spacecraft, if expensive radiation protection is not used. A summary of the most 
significant orbital characteristics is provided in Table 2-2. 
LEO Orbital Characteristics. 
i Below 300km " Drag is severe at these altitudes l 
" Satellites without propulsion re-enter the Earth's atmosphere very 
quickly 
" Orbit typically used for manned spacecraft and reconnaissance satellites 
300 to 600km " Orbit subject to considerable drag 
" Satellites require propulsion to remain in-orbit for a significant period of 
time 
" Orbit typically used by manned space stations and scientific satellites 
600 to 1000km " Drag is negligible 
" Radiation effects are negligible, although Van Allen belt does reach 
down to 900 km at the south Atlantic anomaly (SAA) 
" This is the preferred region of operation for the majority of low Earth 
orbit satellites 
1000 to 1700km " Radiation effects become significant at these altitudes 
" Satellites begin to require reasonable amounts of radiation `hardening' 
protection 
" Orbit is still considered operable, and has the attraction of longer pass 
times and greater field of view 
Above 1700km " Van Allen radiation belt dominates these orbits 
" Seldom used by satellites 
Table 2-2. Orbital characteristics 
Orbital period 
The satellite's orbital period, i. e. the time taken to complete a single orbit, can be determined 
from the ground track, calculated from the orbital parameters or extracted from NORAD2 two 
line elements [93]. Figure 2-8 shows how the orbital period can be estimated from the ground 
track. In this example, the westward shift between successive orbits is 25°, giving an orbital 
period of 100 minutes. 
2 The definition of the NORAD two line element set (TLE) is provided in Appendix F. 
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Orbital Period 
F Period(Hr) AN° 
15°/Hr 
Orbital Shift: AN° 
Figure 2-8. Estimation of orbital period 
It is also possible to calculate the orbital period from the orbital parameters. Figure 2-9 shows 
the geometry of a generalised elliptical low Earth orbit. 
Satellite Orbit V 
i 
Perigee 
SSPý; ý` , / Apogee 
a semimajor axis I /1 Centre of mass / b: semiminor axis 
e: eccentricity (circle e= 0) 
c distance between centre of ellipse, 1 
and the earth's geocentre 
RE : earth's radius 
ý, "' 
r, 9 : polar coordinates of satellite .. -- ---------------- -- -- h satellite altitude 
r_h+ RE ---- 
C --ýI 
Q P! 
Figure 2-9. Geometry of the elliptical orbit. 
Only two of the parameters `a', `b', `c' or `e' are required to describe the shape of the elliptical 
orbit in full. The relationship between the semi-major axis `a', semi-minor axis `b' and the 
eccentricity `e' of the ellipse is given by: 
b2 
e= 1 
a0 e< 1 Eq. 2-1 
When the eccentricity `e' equals zero, the semi-major axis `a' equals the semi-minor axis `b' 
and the orbit is circular. 
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The orbital period `T' is related to the semi-major axis of the ellipse `a' by the following 
formula. 
T= 
47L2 
"a G"M Eq. 2-2 
where `G' is the Universal Gravitational Constant (6.67259.10-" m3/kg"s2)and 'M' is the mass 
of the Earth (5.977.1024 kg). For a satellite in low Earth orbit the following equation may be 
used, `T' being the orbital period in minutes and `a' the semi-major axis in kilometres: 
3 
T=165.87.10 6 "a2 Eq. 2-3 
Figure 2-10 shows the orbital period as a function of altitude for a satellite in circular low Earth 
orbit. 
110 
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Figure 2-10. Period vs altitude for circular low Earth orbit 
Earth coverage 
The Earth coverage or satellite footprint is defined as the portion of the Earth's surface as seen 
from the spacecraft, as illustrated below. 
Satellite 
40 
Figure 2-11. Satellite field of view 
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Figure 2-12 shows the footprint for an 800km LEO satellite, while at a latitude of 51 ° North 
and a longitude of 2° East, plotted onto an unprojected map of the Earth's surface. The shape 
of the "circular" footprint becomes distorted due to the mapping technique, the extent of the 
distortion worsening the further from the equator the satellite moves. 
ýý 
a 
Figure 2-12. Satellite footprint (h: 800km, &: 51 ON, Ls : 2°E) 
Given the altitude of the satellite `h', and the sub satellite point `[Ls, &s]', the satellite's 
footprint, or coverage circle, can be calculated. Figure 2-13a shows the footprint geometry and 
Figure 2-13b shows how the satellite footprint can be constructed by calculating the longitude 
and latitude from a number of target points. 
r 
Dmmcl 
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Figure 2-13. Satellite footprint 
a) simple geometry b) footprint construction 
For a satellite at altitude `h' and effective Earth radius3 'RE', the angle subtended at the 
geocentre `/3o' is given by: 
I 
RE 
ß0= cos 
RE h' 
The effective Earth radius 'RE' is equal to 6378.14 km 
Eq. 2-4 
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The half cone angle `ao' is given by: 
. II 
RE 
ao= sin 
RE-h 
Eq. 2-5 
The maximum range `D. ' is given by: 
_(2 
2 Dmax RE ` hý (RE Eq. 2-6 
The radius `S' of the satellite footprint, and area `A' are given by: 
S=RE-ßo 
Eq. 2-7 
A=7t -(RE"(30 
2 
Eq. 2-8 
Given the sub satellite point and altitude of the satellite, the footprint may be constructed by 
calculating the longitude and latitude `[Lp, gpJ' for a number of points `n', around the edge of 
the footprint. Calculating the latitude `5p, ß' and the longitude `Lpn' of the nth point, at the angle 
`B', refer to Figure 2-13b. 
8 =sin 
1 (cos (SS)"sin(6n)"sin 00) -F cos(ßo-sin SS)) Eq. 2-9 
ALpn'cos(Ls) -Cos(6pn) E. 2-10 9 
A 
LPG= 
Ls -- LI Eq. 2-11 
Sun-synchronous orbit 
Before leaving the topic of orbits it is worth first mentioning the sun-synchronous orbit. This is 
a special case of low Earth orbit, in which the angle between the orbital plane and the sun is 
kept constant. A satellite in such an orbit crosses the equator and each latitude at the same time 
each day, making it popular for remote sensing and weather satellites that want to view the 
ground at a constant Sun angle. To achieve such an orbit, the altitude and inclination are 
chosen such that the procession of the orbit is set to 360° / year, keeping the orbital plane in a 
constant relation to the Earth and Sun line. Figure 2-14 shows the relationship between altitude 
and inclination for a circular sun-synchronous orbit. 
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Circular sun-synchronous orbits 
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Figure 2-14. Relationship between altitude and inclination 
Many of the Surrey satellites operate from a sun-synchronous low Earth orbit and it has 
allowed much of the analysis and modelling presented in chapter four and chapter six to be 
simplified. 
2.1.3 Satellite constellations 
The past decade has seen the revived interest and commercial exploitation of the low Earth 
orbit by the communications industry, spurred by advances in small "low-cost" satellite design 
[1271. A number of systems have now been developed which use constellations of low Earth 
orbiting satellites to provide non-real time communications for data applications or real-time 
communications for speech. 
The constellations, an example being shown in Figure 2-15, comprise a number of satellites 
orbiting the Earth in either the same or a number of different orbital planes. The number of 
satellites and the orbital parameters are carefully chosen so as to optimise the constellation 
coverage for a given application. The Iridium system [ 103,154], for example, requires 66 
satellites in 6 orbital planes to provide global real-time coverage for its voice and data services, 
while the E-SAT system [20] requires only three satellites in a single orbital plane to begin its 
non-real time telemonitoring service. 
Figure 2-15. An example constellation 
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Many systems have been proposed and a number of have been developed which use low Earth 
orbit satellite constellations to provide a variety of services. The systems divide into three main 
categories, namely broadband multimedia, voice and data services. The broadband multimedia 
systems are summarised in Table 2-3, providing real-time high data rate communications for 
multimedia and internet type applications. 
LEO constellations : broadband multimedia services. 
Teledesic Satellites : 288 Number planes : 12 
[2,169] Orbit : 1400km 
Frequencies : Ka band Licensed : March 1997 
Applications : "internet in the sky", high data rate internet type 
applications. 
SkyBridge 
[94,152] 
Satellites : 80 Number planes : 40 
Orbit : 1469km 
Frequencies : Ku band Licensed : 1997 
Applications : Multimedia, E-Commerce, NVOD, POTS 
Table 2-3. LEO constellations : broadband multimedia services 
The systems providing real-time voice and data communications, often referred to as the 'Big- 
LEO' constellations, are summarised in Table 2-4. 
ico 
[165,166] 
LEO constellations : voice services. 
Satellites : 12 Number planes :2 
Orbit : MEO 
Frequencies : Licensed : Yes 
Service links :2 GHz band 
Feeder links :5&7 GHz 
Applications : Digital voice and data services 
Globalstar Satellites : 48 Number planes :8 
[2,169] Orbit : 1414km 
Inclination of planes :4 near polar, 32 inclined 45° 
Frequencies :L band Licensed : Yes 
Applications : Digital voice and data services 
Iridium Satellites : 66 Number planes :6 
[2,154,169] Orbit : 780km 
Inclination of planes : 86.4° 
Frequencies :L band Licensed : Yes 
Applications : Digital voice and data services 
Table 2-4. LEO constellations : voice services 
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The systems of most interest to this research are those providing non-real time or near-real time 
data communications for applications such as messaging, position fixing, property tracking, 
environmental monitoring, and data acquisition and control. These systems often referred to as 
`Little-LEO' constellations are summarised in Table 2-5. 
LEO constellations : data services 
l-, A l Satellites :6 Number planes :2 
[42,61,63,84,153,169] Orbit : 800 km 
Inclination of planes : 89.9° 
Frequencies : UHF / VHF Licensed : March 1998 
Applications : Telemonitoring, meter reading, SCADA 
Final Analysis Satellites : 26 Number planes :6 
[42,153,169,179] Orbit : 1000km circular orbit 
Inclination of planes :2 near polar, 4 planes inclined 66° 
Frequencies : UHF / VHF Licensed : 1998 
Applications : Monitoring, tracking, messaging and data 
acquisition 
HealthNET Satellites :2 Number planes :2 
[3] Orbit : 800km sun synchronous 
Frequencies : UHF / VHF Licensed : Yes 
Applications : Digital store and forward communications. 
IRIS / MLMS Satellites :2 Number planes :2 
[52] Orbit : 800 - 1000km circular orbit 
Inclination of planes : TBD 
Frequencies : UHF Licensed : Yes 
Applications : Short messaging 
KITComm Satellites : 21 Number planes :3 
[105,110] Orbit : 2800km circular orbit 
Applications : Telemonitoring, meter reading, SCADA 
LEO One Satellites : 48 Number planes :8 
[42,153,169] Orbit : 950km circular orbit 
Inclination of planes : 50° 
Frequencies : UHF/VHF Licensed : Yes 
Applications : Data and paging services 
Orbcomm Satellites : 36 Number planes :6 
[42,62,83,153,169] Orbit : 775km circular orbit 
Inclination of planes :4 near polar, 32 inclined 45° 
Frequencies : UHF/VHF Licensed : I" round 
Applications : Messaging, tracking, position fxin property g 
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LEO constellations : data services (Continued) 
S80-1 
[82] 
Satellites : 20 Number planes : 20 
Orbit : 1300km circular orbit 
Frequencies : UHFNHF 
Licensed : Application placed with the ITU 
Applications : Messaging 
Starsys Satellites : 24 Number planes :6 
[42,153] Orbit : 1000km circular orbit 
Inclination of planes : 53' 
Frequencies : UHFNHF 
Licensed : License returned to FCC 1998 
Applications : Proposed constellation has been cancelled 
VITAsat Satellites :2 Number planes :1 
[42,70,153,169] Orbit : 1000km Circular orbit 
Inclination of planes : 83° 
Frequencies : UHFNHF 
Licensed : License granted on Pioneer status in early 90's 
Applications : Humanitarian data and message services 
Table 2-5. LEO constellations : data services 
2.2 Frequency Allocation & Regulation 
The most important issue in the design of a satellite system is the selection and licensing of the 
appropriate operating frequencies. Unlike many fixed communications systems such as 
television and telephony where a choice of transmission media exist, satellites are limited to the 
use of radio, currently the only viable media. The choice of operating frequencies, however, is 
not a simple one and varies considerably with application. A trade off is normally made 
between a number of factors including propagation conditions, system complexity, cost and 
quality of service. 
The system designers are also restricted in their choice of operating frequencies. Spectrum 
utilisation is co-ordinated and managed on a global level by the International 
Telecommunications Union (ITU), and at a national level by the administrative and regulatory 
body of each country. While they strive to accommodate the requirements of new systems, 
radio spectrum is a scarce resource, and inevitably many of the new services are required to 
share spectrum with existing systems. The radio spectrum has been subdivided into a number 
of bands, as illustrated in Figure 2-16. It should be noted that the band designations for the 
microwave frequencies have no set definition and vary with application. Figure 2-16 shows the 
microwave band designations for the satellite communication systems [ 103]. 
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ý 
* 
Microwave 
band designation 
(Satellite communications) 
Lband : 1.5-1.7GHz 
5 band : 1.7 - 2.7 GHz 
C band: 3.0 - 7.0 GHz 
X band: 7.2 - 8.4 GHz 
K band: 10.0 -31.0 GHz 
Ku band: 10.7 - 14.5GHz 
Ka band : 17.0 - 21.0 GHz 
& 27.0 - 31.0 GHz 
Figure 2-16. Frequency bands 
2.2.1 The International Telecommunication Union (ITU) 
The International Telecommunication Union (ITU) based in Geneva, Switzerland, was set up in 
1932 [180]. The organisation was formed to provide international management and 
co-ordination of all aspects of frequency usage, its main purpose being to: 
" Maintain and extend international co-operation between all members, for the improvement 
and rational use of telecommunications of all kinds, as well as to promote and offer 
technical assistance to developing countries in the field of telecommunications. 
" Promote the development of technical facilities and their most efficient operation with a 
view to improving the efficiency of telecommunications services, increasing their 
usefulness and making them, as far as possible, generally available to the public. 
" Promote the use of telecommunication services with the objective of facilitating peaceful 
relationships. 
While the ITU makes a number of regulations and recommendations, set forth in the radio 
regulations [87], it leaves the actual implementation and right to adopt the recommendation to 
the regulatory organisation of each member country. The radio regulations provide 
international treaties detailing the overall spectrum utilisation by allocating blocks of spectrum 
to different radio services. They also deal with many associated aspects of spectrum 
management, ranging from agreed abbreviations, to the procedures for introducing new 
services. 
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The ITU radio regulations provide recommendations for the global usage of the radio spectrum 
from 9 kHz up to 400 GHz. The characteristics of radio propagation vary enormously over this 
frequency range. Different parts of the spectrum have therefore been allocated to each of the 
major radio services, giving national administrations the opportunity to assign frequencies with 
the propagation characteristics that suit each station best. Services with more specialised 
applications or requirements may only be allocated single assignments. 
It has sometimes been found convenient to allocate frequency bands to different services in 
different parts of the world. For this purpose the ITU has divided the world into three regions as 
shown in Figure 2-17. 
Figure 2-17. ITU regions 
2.2.2 Low Earth orbit mobile satellite service frequency allocations 
Among the most important activities of the ITU, as far as radio communications is concerned, 
are the regular World Radio Conferences (WRC), formerly World Administrative Radio 
Conference (WARC), the content of which is set by the members of the ITU and deals 
primarily with developments in radio usage. The outputs then provide revisions or additions to 
the international radio regulations. 
This regular forum provides a means by which the radio regulations can be updated and 
modified, allowing new services to be introduced and old ones to be removed. Prior to 1992, 
for example, there were no provisions in the international table of frequency allocations for the 
low Earth orbit satellite services summarised in Table 2-3, Table 2-4, and Table 2-5. During 
the 1992 World Administrators Radio Conference (WARC'92), however, this issue was 
discussed and a number of frequency allocations were granted for experimental purposes [85]. 
Since then frequency allocations have been granted for use by a number of satellite systems 
designed and developed to operate within the low Earth orbit [58,61 ]. These satellite systems 
have been divided into three categories, summarised in Table 2-6. 
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LEO satellite system classification 
`Broadband-LEO' Frequency band : Ku & Ka band 
Service type : High data rate, real time communications 
Application : Internet type applications 
Example systems : Teledesic, SkyBridge 
'Big-LEO' Frequency band :>1 GHz 
Service type : Real time, digital voice and low rate data communications 
Application : Global voice, small message service, paging, fax 
Example systems : Iridium, Globalstar 
`Little-LEO' Frequency band :<1 GHz 
Service type : Non-real time, low data rate communications 
Application : Messaging, Email, property tracking, telemonitoring, store 
and forward communications 
Example systems : Orbcomm, HealthNET, E-SAT 
Table 2-6. System classification 
2.2.2.1 `Little-LEO' allocations 
Of particular interest to this research are those frequency allocations granted by the ITU for use 
by the Little-LEO mobile satellite services, specifically those within the VHF band, 
summarised in Table 2-7. These frequencies were requested by the Little-LEO system 
designers, because of the favourable operating conditions, wealth of experience, and the 
availability of low cost terminal equipment, allowing the design of `affordable' systems. 
"Little-LEO" VHF band allocations. 
Frequency Region l 
137-138 MHz 
Region 2 Region3 
Mobile satellite services [space to Earth] 
ITU Footnote 599A 
- Use of this band is subject to co-ordination. 
- Co-ordination is only required if the power flux density produced by 
the satellite exceeds -125 dB(W/m2/4 kHz) at the Earth's surface. 
148-149.9 MHz 
I 
Mobile satellite services [Earth to space] 
ITU Footnote 608C 
- Mobile satellite service stations shall not cause harmful interference 
to, or claim protection from stations of the fixed or mobile services. 
Table 2-7. Little-LEO VHF band allocations 
These frequencies are also used throughout the world for other terrestrial and satellite services, 
and as such the frequencies have been allocated to the Little-LEO services on a non- 
interference sharing basis. Proposed constellations must therefore show that they can share the 
spectrum and that their system will not interfere with existing ones. 
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The introduction of these frequency allocations has led to the requirement for a number of 
spectrum sharing and VHF band interference environment studies to be performed [ 19,32,33]. 
The results of these have been published internally within the international and regional 
regulatory study groups and are aiding in the ongoing licensing and regulatory activities. A 
number of these studies and measurement campaigns are examined in subsequent chapters of 
this thesis. 
2.2.3 National and regional allocations 
While the ITU provides recommendations and the international table of frequency allocations 
[87, Section 8] it is up to the administration and regulatory organisation of each member 
country to regulate, control and monitor spectrum usage within their geographical region. The 
national administration has the right to authorise the transmission of a service on any 
frequency, but for the effective use of the spectrum and to ensure that interference is kept to a 
minimum, it is necessary to plan and control spectrum usage. 
Since radio waves cannot be confined to national boundaries, it is often essential for co- 
ordination and management to be undertaken at a regional level. This is particularly true within 
Europe where countries are small in size and there are also common objectives throughout the 
European Union. Regional co-ordination [35] is required both to limit the potential for 
interference, and also to develop common equipment specifications and regulations for the 
region wide market. The European Radio Committee (ERC), of the Conference of Post and 
Telecommunications Administration (CEPT), deals with spectrum utilisation and frequency 
planning matters throughout Europe. Figure 2-18 [19], shows the European channel plan for 
the 148 - 149 MHz band. 
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Figure 2-18. European channel raster 
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Within the European region, the 148 - 149 MHz frequency band is currently used 
predominantly by public utility companies for mobile radio and pager applications. To limit the 
potential for interference between the existing terrestrial services within Europe, different 
countries operate on a different channel raster, as illustrated in Figure 2-18. The diagram also 
shows the proposed Orbcomm channel plan, although there is currently a dispute within this 
region as to whether narrow band Little-LEO systems will be permitted to operate within the 
148MHz to 149MHz band [59,26,69]. 
2.2.4 Frequency misuse 
While every effort is made to co-ordinate global frequency usage, there are still countries that 
fail to police such policies, radio equipment often being used for purposes other than its legal 
purpose. It is for this reason that global systems cannot solely rely on international regulations 
for system design, and measurements of the spectrum usage or interference environment 
become invaluable. 
2.3 The VHF Low Earth Orbit Communications Environment 
2.3.1 Introduction 
The communications environment in which a low Earth orbiting satellite operates differs 
considerably from that of a `conventional' geostationary satellite and has in fact more 
similarities with that of the terrestrial mobile environment [5]. The satellite, having an orbital 
period less than that of the Earth's rotation, will appear to move relative to a fixed point on the 
Earth's surface, rising up above the horizon, crossing the sky, then retreating below. The 
precise duration and occurrence of these passes is dependent on the orbit of the satellite and the 
geographical location of the observer. Given a satellite in an 800 km sun synchronous orbit, an 
observer at a latitude of 50°N would expect to see between six and eight passes of the satellite, 
each approximately 15 minutes long, each day. 
As the position of the satellite changes relative to the observer, the operating conditions vary 
considerably. Changes in the distance between the satellite and groundstation bring about 
variations in free space propagation loss and delay, while the relative motion of the satellite 
with respect to the groundstation causes variations in the operating frequency, known as 
Doppler shift. Given the orbit of the satellite and the geographical location of the 
groundstation, these effects can all be predicted and therefore compensated for [44]. It is the 
unpredictable variations in propagation conditions, caused by multipath fading, shadowing, 
blocking and interference that make the low Earth orbit a challenging communications 
environment in which to operate [44]. 
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Choice of operating frequency also has a significant effect on the overall communications 
environment and ultimately the cost, quality and viability of the service to be provided. The 
Little-LEO systems, for example, have chosen to operate in the VHF and UHF bands because 
propagation conditions at these frequencies are favourable, a wealth of experience already 
exists, and low cost terminal equipment is readily available. 
2.3.2 Operating environment 
2.3.2.1 Predicatble propagation effects 
A number of predictable propagation effects occur during the transit of the satellite over a given 
groundstation. These effects, such as the variations in free space propagation loss and delay, 
caused by the change in satellite range, and variation in operating frequency caused by Doppler 
shift can be estimated and consequently accepted or compensated for. 
Satellite range 
The distance of the satellite from the groundstation, the satellite's range, has an effect on both 
the delay and more importantly the free space propagation loss. Figure 2-19 shows the 
geometric relation between satellite angular displacement, groundstation elevation angle, and 
the central angle from the Earth's centre. 
Groundstation 
Range(D) 
Earth's 
RE SSP Altitude (h) 
Centre Orbit radius (r) = RE +h 
Elevation angle (0) 
Figure 2-19. Elevation angle geometry 
The range `D' of the satellite, can be calculated from 
D=, r2 RE ý22. r-RE cos 
((3O 
Eq. 2-12 
where `r' is the orbit radius, and 'RE' the Earth's radius. The equation can be expressed in 
terms of groundstation elevation angle `9', and satellite altitude `h' 
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D= RE h2 RE"cos(8) ;2 RE"sir A) Eq. 2-13 
The range `D' of a satellite in an 800 km circular orbit will therefore vary between 3293 km, 
when the elevation angle `9' is 0°, and 800 km when the elevation angle is 90°. 
Free-space loss (FSL) 
As radio signals pass through space they become attenuated [68]. The level of attenuation is 
related to the distance `d' travelled and the wavelength `A' of the signal by 
FSLt4-n_ 
k 
d2 Eq. 2-14 
Converting `A' into terms of frequency expressed in megahertz (MHz), and using kilometers 
(km) for the measurement of distance, free space loss (FSL) expressed in decibels (dB) can be 
calculated by 
FSLdB=32.45 + 20"log; Dkm ý- 20"log(FMHz Eq. 2-15 
Figure 2-20 shows the variation in free space loss experienced by a satellite operating in an 800 
km circular orbit at a frequency of 150 MHz. The variation in free space loss experienced by a 
satellite in this orbit is 12.3 dB. 
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Figure 2-20. Free space loss (f : 150 MHz, h: 800km) 
150 180 
Variations in free space loss are predictable and can therefore be compensated for by careful 
design of the satellite antenna pattern [44]. 
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Delay 
For a satellite operating in low Earth orbit, transmission delay is negligible and can normally be 
neglected. However, the delay `at' between satellite and groundstation can be estimated given 
the range of the satellite `D' and the speed of light in a vacuum `c' by 
D 
At= 
c Eq. 2-16 
A satellite in an 800 km orbit therefore will have a round trip delay of between 6 ms and 22 ms, 
compared to 240 ms for a geostationary satellite. Transmission delay is normally only 
considered a problem for voice communications and even then delays of up to 
400 ms are considered acceptable [66]. 
Doppler 
The changes in range which bring about path loss variations also cause an apparent change in 
frequency known as Doppler shift. The magnitude of the Doppler shift `df' is proportional to 
the frequency of transmission fo'and the relative velocities of the satellite and groundstation 
`Vr'. 
c of Eq. 2-17 
Given the transmission frequency fo', the only unknown is the relative velocity `Vr'. The 
instantaneous Doppler can be estimated using an estimate of relative velocity given by 
V =D(tB) 
D(tA 
r tB -tA Eq. 2-18 
where `D(te)' it the range at time `tB', and `D(tA)' it the range at time `tA'. 
There is a maximum and minimum Doppler shift that will be observed by a groundstation at 
any given time. For a circular orbit these values remain constant, while for an elliptical orbit 
they will vary during the course of the orbit [46]. To estimate the minimum and maximum 
Doppler shift `df for a satellite in circular orbit we must calculate both the contribution caused 
by the motion of the satellite and the contribution from the rotation of the Earth. 
The maximum rotational velocity of the Earth `VE' occurs at the equator, and is approximately 
465 m/s. Given the operating frequency fo', the Doppler contribution from the Earth's rotation 
`dfE' can be calculated 
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efE 
465 
, fo 
c 
Eq. 2-19 
which at 150 MHz is approximately 233 Hz. The velocity `VS' of a satellite in a circular orbit is 
given by 
V_ 
G"M 
Sr 
Eq. 2-20 
where `G' is the Universal Gravitational Constant (6.67259.10-" m3/kg"s2) and `M' is the mass 
of the Earth (5.977- 1024 kg). Therefore, the relative velocity of the satellite seen by the 
groundstation is 
RE 
V=V 
rsr 
Eq. 2-21 
The Doppler shift contribution from the satellite `dfs' can therefore be calculated using Eq. 2- 
17, and for a satellite at 800 km, operating at 150 MHz would be approximately 3.3 kHz. The 
total Doppler shift `zlf is the sum of the two components 
ý= afE + AfS 
Eq. 2-22 
giving a Doppler shift of ± 3.6 kHz. Again Doppler shift is a predictable effect and can 
therefore be compensated for. Since there are normally a number of groundstations within view 
of the satellite at any one time, each of which will have a different instantaneous Doppler shift, 
Doppler correction is usually performed on the uplink and downlink frequencies by the ground 
terminal equipment. 
2.3.2.2 Other causes of degradation 
There are a number of other causes of degradation within this communications environment 
that can not be so easily predicted or compensated for. The relative motion of the satellite with 
respect to the groundstation causes channel conditions to vary considerably over a short period 
of time [132]. The elevation angle, i. e. the angle of the satellite above the local horizon of the 
observer, has a significant effect. 
Multipath fading and blocking 
At low elevation angles, the channel exhibits many of the characteristics of the terrestrial 
mobile channel [ 129], namely multipath fading and blocking as illustrated in Figure 2-21. 
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Figure 2-21. Low elevation effects 
Multipath fading occurs when two or more radio waves emanating from the same source arrive 
at the receiver after travelling along different paths. Due to variations in path length each 
signal becomes delayed and attenuated by a different amount. The signals combine at the 
receiver causing variations in the received signal level and interference between successive 
symbols. These fades' are typically very short in duration and unpredictable, due to the 
relative motion of the satellite. 
Blocking can occur when the line of sight between satellite and groundstation is obscured, 
causing severe degradation or complete loss of signal. Careful location of the ground terminal 
equipment can help to avoid or reduce this. 
Antenna pattern imperfections and satellite stability 
At higher elevation angles, the communications environment becomes predominantly line of 
sight. However some degradation still occurs and can in many cases be attributed to 
imperfections in the spacecraft antenna pattern, or the attitude of the satellite. An 
approximation of the UoSAT-3 antenna pattern is shown in Figure 2-22, where a null in the 
antenna pattern can clearly be seen. 
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The attitude of the satellite can also have a significant effect on the communications 
environment. If the attitude is not sufficiently controlled, variations in antenna gain or loss of 
signal can result. If the satellite is spinning, spin modulation may occur, causing variations in 
amplitude and polarisation. 
Pass characteristics 
The percentage of time a satellite spends above a particular elevation angle is dependent on its 
orbit and the geographical location of the groundstation. Figure 2-23 shows the percentage of 
time the Thai-Phutt satellite spends above a given elevation angle while transiting a 
groundstation in Guildford, showing for example that 32% of the time, the satellite is at an 
elevation angle greater than 15°. 
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Figure 2-23. Time spent above a given elevation angle 
Propagation conditions vary considerably across the radio spectrum and for many applications 
an `optimum' choice of frequency exists. This is particularly the case for many Little-LEO and 
radio amateur satellite systems, which rely on the favourable' propagation conditions found 
within the VHF band to provide the desired level of service [ 128]. Figure 2-24 illustrates how 
propagation conditions vary across the radio spectrum. 
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Figure 2-24. Propagation conditions 
2.3.3 VHF propagation conditions 
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2.3.3.1 Atmospheric effects 
The transparency of the Earth's atmosphere to radio waves varies with the frequency of 
operation. At low frequencies the ionosphere reflects the radio waves, making their use 
unsuitable for satellite applications. The frequency at which the radio waves begin to pass 
through the ionosphere varies considerably with time of day and geographical location, and 
presents difficult and unpredictable propagation conditions for systems operating within the HF 
band. At frequencies within the VHF, UHF and microwave bands however, the ionosphere 
becomes transparent, and can under normal conditions be considered to have negligible effect 
[104]. 
Atmospheric absorption begins to have a significant effect on propagation conditions at 
frequencies higher than 30 GHz. At these frequencies, the wavelength of the radio wave 
becomes comparable in size with that of water and oxygen molecules, which are found within 
the atmospheric layers, causing severe attenuation. Local weather conditions, rain, ice and 
snow will also have an effect on propagation conditions. 
2.3.4 Interference 
It is believed that the largest cause of degradation to satellite communication systems operating 
within the VHF band comes from interference [74]. Much of the band is shared by terrestrial 
and satellite services, and while every effort is made to co-ordinate their usage, the potential for 
interference is high. Operational experience of the Surrey satellites has found that interference 
is a significant cause of degradation and can indeed render the channel unusable for prolonged 
periods of time. The diagram below shows the effects of interference on a typical pass of the 
Thai-Phutt satellite over the Guildford groundstation. 
Good packets 
Bad packets 
Time 
Start of pass 
low elevation angle effects 
Interference End of pass 
low elevation angle effects 
Figure 2-25. Typical pass conditions 
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The graph shows packet throughput on a typical pass over the groundstation. The figure shows 
packet loss at the beginning and end of the pass due to low elevation angle effects and the 
presence of interference, rendering the channel unusable for a period of time. 
2.3.5 Channel models 
While the application of low Earth orbit satellite systems has generated substantial research 
interest both commercially and academically, it is still very much in its infancy and 
subsequently models of this communications environment do not currently exist. Attempts are 
being made to model this challenging environment [36], but these efforts have been limited by 
the lack of satellites operating at the appropriate frequencies or within representative orbits. 
A number of models have however been developed for both the terrestrial mobile 
communications environment [75,96,97,142,144], and the geostationary mobile satellite 
environment [100,101,155]. While not specifically intended to model the low Earth orbit 
communications environment, they can in some instances be used with care to provide a first 
level approximation. 
2.4 The Surrey Satellites 
The term `Surrey Satellite' is used throughout this thesis to refer to those satellites designed 
and developed at the University of Surrey as part of the activities of the early UoSAT 
programme [ 161,177] and more recently the Surrey Space Centre and Surrey Satellite 
Technology Limited [127]. 
2.4.1 Brief historical overview 
The University of Surrey has been involved in the design, development and exploitation of 
space related research and "cost-effective" satellite engineering since the University of Surrey's 
satellite programme, UoSAT, first began in 1979. The main objectives of these activities are 
to: 
" Research `cost-effective' small satellite engineering techniques. 
" Demonstrate the feasibility and capabilities of small satellites. 
" Promote space education and training. 
" Exploit the industrial and commercial uses of small satellite technology. 
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Although these objectives refer to `small' satellites, what is in fact meant is the design, 
development, demonstration, and exploitation of nanosatellites, microsatellites and 
minisatellites. Table 2-8 shows the satellite classification [160] in terms of approximate cost 
and mass. 
Satellite classification 
Class Approximate mass Approximate cost 
Large satellites > 1000 kg > $100 Million 
Small satellites 500 - 1000 kg $30 - $100 Million 
Minisatellites 100 - 500 kg $7 - $30 Million 
Microsatellites 
Nanosatellites ` 
10 - 100 kg 
< 10 kg 
$2 - $5 Million 
$0.5 - $1 Million 
Table 2-8. Satellite classification 
The term `cost-effective' arises from the unconventional approach taken in the design and 
development of these small satellites. Instead of adopting industry's conventional approach to 
satellite engineering, a trade off is made between risk, performance and price, as illustrated in 
Figure 2-26. A good example of this is the use of commercial plastic components [47] instead 
of the more expensive space qualified devices. By allowing an acceptable amount of risk in the 
mission design, that is the use of commercial plastic components, the overall price of the 
mission can be significantly reduced. Allowing non-space-qualified devices to be flown also 
allows state of the art devices to be used, thereby potentially improving the capabilities and 
performance of the satellite. 
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Figure 2-26. `Cost-effective' satellite engineering 
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The group's first experimental microsatellite UoSAT-1 was designed and constructed during 
1979 and 1980. The satellite was then launched free of charge as a `piggy-back' payload on a 
NASA Delta 2 rocket from the Vandenberg Air Force Base on the 6`h October 1981, alongside 
the Solar Mesosphere Explorer (SME) spacecraft. The 60 kg, 50 cm x 50 cm x 75 cm 
microsatellite contained an array of payloads, including on-board computers, Geiger counters, a 
Charge Coupled Device (CCD) camera, a speech synthesiser, HF radio beacons, VHF and UHF 
uplink receivers and VHF, UHF and SHF downlink transmitters. Other than a small problem 
encountered shortly after launch [46], the satellite continued to function correctly until late 
1989 when it re-entered the Earth's atmosphere [43]. 
In 1983 NASA offered another free `piggy-back' launch opportunity, this time however with an 
extremely challenging problem. If the offer were to be accepted, the satellite would have to be 
ready for launch within a six-month period. After evaluating the risks, the opportunity was 
accepted and work began on the design and construction of 
UoSAT-2. Although the satellite was similar in system architecture and mechanical structure to 
that of UoSAT-1, all of the spacecraft bus systems were completely redesigned and a number of 
new experimental payloads were added [1771. 
Within that challenging six-month period UoSAT-2 was designed, developed and built, finally 
being launched as a secondary payload accompanying LANDSAT-5 on the 1 S` March 1984. 
Still operational some 15-years later the satellite has demonstrated both the first civilian store 
and forward communications payload, and the ability to provide rapid access to space, from 
design to launch within an extremely short period of time. 
The next satellite to be developed, UoSAT-3, is of considerable significance in the evolution of 
the Surrey microsatellite platform. Launched on the 22°d February 1990 from Kourou, French 
Guiana, on an Ariane 4 alongside SPOT-2, this was the first of the Surrey satellites to employ 
the modular satellite structure, multitasking operating system, 9600 baud CPFSK modulation 
scheme, and the predecessor to today's store and forward communications payload, the Packet 
Communications Experiment (PCE) [172]. 
While there is substantial interest in spacecraft and satellite engineering activities in the United 
Kingdom, the funding has been extremely limited. The need for regular income to sustain the 
group's satellite engineering activities resulted in the formation in 1995 of Surrey Satellite 
Technology Limited (SSTL). The university-owned company provides a formal mechanism to 
handle the transfer of microsatellite technologies from academic research into industry in a 
professional manner via commercial contracts. The income generated is then reinvested to 
support the centre's academic activities. 
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Since the launch of UoSAT-3, a further ten satellites have been designed, developed and 
launched for a variety of customers world-wide. The satellites of most importance to this 
research are the HealthSAT-II and S80/T microsatellites, on which the initial signal strength 
measurements were performed, and the FASat-Bravo microsatellite, which contains the 
experimental scanning frequency agile receiver payload. A summary of all current Surrey 
spacecraft is provided in the appendices. 
2.4.2 Technical description 
The Surrey microsatellites have been instrumental to this research, providing the motivation 
and an environment in which the experimental measurement campaigns could be undertaken. 
These satellites have also placed a number of constraints on this work and it is therefore 
important to provide an overview of the microsatellite platform and in particular the store and 
forward communications payload. 
2.4.2.1 The microsatellite platform 
The diagram below, Figure 2-27, shows an exploded view and orbital configuration of one of 
the Surrey microsatellites. 
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Figure 2-27. `Exploded' view and orbital configuration of the Surrey microsatellite structure 
4 Operational satellites in orbit November 1999. 
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Mechanical description 
From UoSAT-3 the microsatellites have all been based on a similar modular mechanical 
structure, as illustrated in Figure 2-27. The satellites are constructed from a number of milled 
aluminium module boxes, each of which contains one of the satellite sub-systems. 
ý% 
The module box "stack" is then enclosed by four gallium-arsenide (GaAs) solar panels, 
producing the final microsatellite structure, an example of which is shown below. 
OBC SPARE 
O BC 
POWER 
TX / MOD 
RX / DEMOD 
BATTERY 
Figure 2-29. HealthSAT-ll satellite configuration 
The exact configuration is dependent on the application for which the satellite is designed, and 
therefore varies with each mission. The overall dimensions of the satellite are approximately 
300 mm x 300 mm x 600 mm, and it weighs 50 kg. 
John Paffett Page 38 of 223 Background Material 
Figure 2-28. Microsatellite module box 
VHF band interference measurement, analysis and avoidance 
System overview 
Although the satellites vary slightly in their exact configuration, they each have a similar 
electrical architecture. 
Receiver Chain 
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Figure 2-30. Microsatellite system diagram (simplified) 
Power generation 
Power is generated by four body-mounted Gallium-Arsenide solar panels, each of which 
generates approximately 35W. The power generated by the solar panels is stored in NiCd 
rechargeable batteries. 
Attitude control 
The existing microsatellites employ gravity gradient stabilisation [76], using a six-metre boom 
and closed loop active damping via electromagnets fixed in all three planes, as shown in 
Figure 2-31. 
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// 
Figure 2-3 1. Microsatellite geometry 
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Attitude determination is provided primarily by magnetometers, sensors used to measure the 
Earth's geomagnetic field, with sun and Earth horizon sensors used to provide additional 
attitude information. The current microsatellite platform is also spun around the z-axis, in a 
classical `BBQ-roll' [77,147], to maintain thermal balance. 
On-board data handling 
The number and type of the on-board computers used also varies with each satellite. The table 
below provides a summary of the computers currently used on the Surrey microsatellites. 
Current on-board computers 
OBC186 Processor : Intel 80C186 
Speed :7 MHz 
Memory : 768 kBytes program, 16 Mbytes SRAM ramdisk 
Application : Bus secondary OBC 
OBC386 Processor : Intel 80C386 
Speed : 25 MHz 
Memory :4 Mbytes program, 64 Mbytes - 128 Mbytes ramdisk 
Application : Bus primary OBC 
T805 Processor : Inmos T805 Transputer 
Speed : 25 MHz 
Memory : 32 Mbytes 
Application : Imaging 
DSP'C31 Processor : Texas TMS320C31 DSP 
Speed : 40 MHz 
Memory : 256 k EDAC program, 1 Mb data memory 
Application : Experimental 
Table 2-9. On board computers 
As a baseline configuration, each satellite has an 80C386 on-board computer, which runs the 
SCOS real time multitasking operating system. Redundancy is provided with the addition of a 
secondary computer, usually the 80C 186. The other computers are used extensively by the 
experimental payloads. All on-board computers have the facility to be loaded from the ground, 
allowing software to be upgraded and reloaded during the course of the satellite's lifetime. 
2.4.2.2 Store and forward communications system 
The store and forward communications system employed on each of the Surrey microsatellites 
is of particular importance to this research and therefore requires detailed discussion. The 
system utilises the satellite's VHF receivers, UHF transmitter and on-board computer to 
provide the facility for digital store and forward communications. A simplified block diagram 
is shown in Figure 2-32. 
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Figure 2-32. Store and forward communications system (simplified) 
Modulation scheme 
In an operational environment such as this, one of the most important aspects of the satellite's 
communications system is the choice of appropriate modulation scheme. This is extremely 
important if the satellite is to provide reliable communications with low power, physically 
small ground terminals. 
The modulation scheme used by the Surrey microsatellites is shaped frequency shift keying 
(SFSK) [106], its origins stemming from the early amateur packet radio experiments [46]. This 
modulation scheme has proved itself to be robust and reliable when operating within this 
hostile communications environment. The diagram below, Figure 2-33, shows a block diagram 
of the SFSK modulator. 
Raw Data Scrambler Pulse FM 
X"+X12+1 Shaping Modulator 
Transmitter 
_ 
If C 
Raw Scrambled Shaped Modulated 
Figure 2-33. Modulation scheme 
The modulator works by first scrambling the data to ensure transitions within the modulated 
data stream, which is essential if the demodulator is to recover the original data successfully. 
The scrambled data is then filtered to provide pulse shaping and compensation for the 
transmission characteristics of the transmitter and receiver used. The filtered signal is then 
frequency modulated before being amplified and transmitted. 
UHF 
Transmitt 
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The bit error performance of this modulation scheme is shown in the diagram below. 
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Figure 2-34. SSTL Modulation scheme bit error rate 
The bit error rate equation for this modulation scheme can be approximated by the equation 
below5 
BER=0.09"exp 
Eb 
2 -No; Eq. 2-23 
This modulation scheme has on occasion been referred to as either continuous phase frequency 
shift keying (CPFSK) or continuous phase modulation (CPM) [157,156]. This may lead one to 
believe that the phase of the transmitted signal has been intentionally controlled in the 
modulation process, and that the demodulator may make use of this phase information [9]. This 
is not strictly true; the modulated signal is only continuous in phase because of the method used 
to perform frequency modulation. Consequently the demodulator takes no account of the phase 
information when recovering the transmitted data stream [ 106]. 
Antenna system 
As the microsatellite platform is physically small, antenna options at these frequencies are 
somewhat limited. The current generation of Surrey microsatellite uses monopoles for both 
VHF and UHF frequency bands. The precise configuration varies between missions, however 
the baseline uses four blades mounted on the corners of the space facet for VHF frequencies, 
and four blades mounted on the corners of the Earth-facing facet for UHF frequencies, as 
shown in Figure 2-27. While not optimal in design, this antenna configuration provides an 
acceptable solution for the both the TTC system and current store and forward communications 
payload. 
S The bit error rate curve and equation was produced from measurements performed at the Guildford 
groundstation. 
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One of the major decisions made during the development of this antenna system was to 
abandon the conventional practice of having the satellite transmit and receive using circularly 
polarised antennas. While circular polarisation on the satellite has undoubtedly many 
advantages, including the ability of the ground terminal equipment to use either circular or 
linear polarisation, practical implementation of the antenna onto a microsatellite size structure 
is extremely difficult. The choice was therefore made to use linear polarisation on the satellite 
and circular polarisation at the groundstation. The groundstation requires a circularly polarised 
antenna, because the precise polarisation of the received signal will vary due to effects of 
Faraday rotation. The disadvantage of this approach is that a loss of approximately 3dB results 
from the polarisation mismatch [102], and each groundstation requires a circularly polarised 
antenna. 
The chosen antenna configuration also has a significant effect on the overall antenna pattern. 
The generation of an ideal antenna pattern is impossible, and therefore ultimately a trade-off is 
made between its desirable and undesirable characteristics. Figure 2-35, shows a representative 
VHF band antenna pattern, measured using `TINSAT', a RF model of the Thai-Phutt and 
FASat-Bravo microsatellites. 
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Figure 2-35. `TINSAT' measured VHF antenna pattern 
The antenna pattern has been designed to compensate for variations in free space 
loss, and 
optimised for operation at low elevation angles, where the satellite spends the majority of 
its 
time, with respect to the groundstation, as shown in Figure 2-23. Unfortunately the antenna 
has 
an undesirable null in its pattern. This however only presents a problem at 
high elevation 
angles, during which the satellite spends little of its time. 
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Link budget 
Examining the VHF band link budget shown Figure 2-36, it can be seen that a link margin of 
between 21.5 and 23.7 dB exists for operations between the Guildford groundstation and the 
FASat-Bravo microsatellite. Given this level of link margin one would expect to encounter 
little degradation when operating over this link. The practical reality is however somewhat 
different. Operational experience has found that interference can cause severe degradation, 
rendering the channel unusable for prolonged periods of time, as illustrated in Figure 2-25. 
The link budget shown in Figure 2-36 assumes the satellite to operate at 149 MHz, in a circular 
orbit at an altitude of 820 km. The groundstation uses a 180 W power amplifier, with 4.3dB 
feeder loss, and a 14 dBi circularly polarised crossed Yagi antenna. 
Orbit 
Elevation 
Altitude 
Range 
Groundstation 
Transmitter power 
Feeder losses 
Antenna gain 
Transmitter EIRP 
Propogation 
Free space loss 
Additional loss 
Polarisation loss 
Satellite 
Antenna temperature 
Antenna gain 
Antenna feed loss 
Ambient temperature 
Receiver noise figure 
Te 
System temperature 
Rx G/T 
Operational 
Bandwidth 
Baud rate 
Eb/No Required 
Estimated Eb/No 
Margin 
P, 
Ln 
G, 
EIRP 
FSL 
La 
Lp. 1 
Ta 
G, 
Ln 
Tamb 
NF, 
Ta 
Tsysc 
G/T 
BW 
Rb 
22.55 22.55 22.55 22.55 22.55 22.55 22.55 dBW 
4.30 4.30 4.30 4.30 4.30 4.30 4.30 dB 
14.00 14.00 14.00 14.00 14.00 14.00 14.00 dBi 
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Figure 2-36. FASat-Bravo VHF link budget 
Error correction 
As signals are transmitted through this communications environment, degradation causes 
corruption of the received signal, and inevitably errors within the received data stream. One of 
the most important requirements of the store and forward communications system however is to 
provide error-free communications to and from the satellite. Subsequently the system must 
employ error correction in order to meet this requirement. 
There are a number of techniques which can be used to perform error detection and correction 
[92,159]. These fall into two basic categories, namely Forward Error Correction (FEC) and 
Automatic Repeat Request (ARQ). In a scheme using FEC, extra information is added to the 
data stream before modulation. This additional information is then used to 
identify and correct 
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a number of these errors. In an ARQ scheme the data stream is divided into a number of 
frames, to which a check sum is added. On reception of each frame, the check sum is examined 
and erroneous packets rejected. A request is then sent for the erroneous packets to be 
re-transmitted. 
Not all of the error detection and correction schemes are ideally suited for operating within this 
environment [92]. In order to provide error-free communications, the Surrey microsatellites 
and the associated store and forward protocols have opted to use an Automatic Repeat Request 
scheme (ARQ), although ongoing research is examining other possible techniques [36,145]. 
Protocols 
The protocols used on the Surrey microsatellites and a number of other packet radio satellites 
are known as the `PACSAT protocol suite' [ 133,134,175,176] and were specially developed 
for this application [174]. In keeping with conventional protocol design, they are implemented 
in several layers, as illustrated in Figure 2-37. 
Higher 
layer ý` 
Lower 
layer 
Point -> Multipoint 
PFH 
(Messoge Envelope) 
PBP 
(Broadcast Protocol) 
AX. 25 
Point -> Point 
PFH 
(Messoge Envelope) 
FTLO 
(File transfer Protocol) 
AX. 25 
* NUP 
(New upload Protocol) 
HDLC HDLC * NUP provides a more efficient and 
versatile file transfer protocol and 
will eventually replace FTLO 
Figure 2-37. Protocol stack 
At the lower levels of the protocol stack, widely used packet radio protocols, HDLC [ 15] and 
AX. 25 [67] are used to provide packet framing, multiplexing and error control, while 
application specific protocols are handled by the higher layers. The `PACSAT protocol suite' 
provides the facility for both point-to-multipoint message delivery, using the broadcast 
protocol, and the point-to-point message delivery via the file transfer protocol. 
To the user the only direct interaction with any of these protocols occur at the highest level of 
the stack. In a similar manor to Email, these protocols require that the message be placed into 
an appropriate `envelope' before delivery can occur. The `envelope' in this instance is called 
the PACSAT file header (PFH), and contains all information necessary for the efficient 
delivery of the message. 
John Paffett Page 45 of 223 Background Material 
VHF band interference measurement, analysis and avoidance 
Broadcast protocol 
Any ground terminals located within the footprint of the satellite should be able to receive the 
downlink signal'. The broadcast protocol therefore exploits this feature, allowing the satellite 
to transmit a single message that can be received by any number of the terminals located within 
its field of view. This is typically the mode in which the satellite downlink is operated, as many 
of the messages are destined for a number of different ground terminals. 
The broadcast protocol uses the lower layer AX. 25 protocol in datagram mode, and implements 
its own selective repeat automatic repeat request (SR-ARQ) error correction algorithm. In this 
mode the AX. 25 protocol simply checks incoming frames for errors, passing the error-free 
frames up to the higher layer. Figure 2-38 shows how the selective repeat automatic repeat 
request (SR-ARQ) error correction algorithm works within the broadcast protocol. 
File 
Satellite IIIIIIIIIIII 
Break file into packets 
and transmit 
Groundstation 
Request File - 
Send missing packets 
11111111111 
lift t\ 
Some packets received in error Fill Hole' 
Request missing packets 9-totes" 
Figure 2-38. Broadcast protocol 
A message to be transmitted by the broadcast protocol is first divided into a number of data 
packets to which a header and checksum are added. The header includes the name of the 
original file and the location of the packet within that file. The packets are then transmitted on 
the downlink for all terminals to receive. Once received the filename and packet location are 
extracted from the header, and the data portion of the packet is then placed at its proper 
location, within the appropriate file. At no time do any of the ground terminals acknowledge 
the received packets. 
Not all of the packets that make up a given file may be received, and these missing packets 
leave `holes' in the file. To fill these holes, the ground terminal software sends a `hole fill 
request' to the satellite. The satellite then re-transmits only those packets that specifically fill 
the holes. 
' Assumes RF coverage over entire footprint, which may not be the case for all satellites. 
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File Transfer 
The file transfer protocol (FTLO) is used when a point-to-point service is required, for example 
uploading and downloading messages and to obtain directories of messages on the satellite. 
Unlike the broadcast protocol, which provides its own error correction, the file transfer protocol 
relies on the lower layer AX. 25 protocol operating in virtual circuit mode, to provide an error- 
free link. In this mode, the AX. 25 protocol implements a sliding window `go back N' 
automatic repeat request (GBN-ARQ) scheme for error correction, which provides an ordered, 
error-corrected data stream to the layers above. The advantage of the virtual circuit mode is 
that the higher layers need not implement any error detection and correction, therefore 
simplifying the protocols. The disadvantage however is that the AX. 25 virtual circuit ARQ 
scheme was not designed specifically for operation within this communications environment, 
and may therefore be sub-optimal. 
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Figure 2-39. File transfer protocol upload transaction 
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Figure 2-39 shows how a file is uploaded to the satellite using the file transfer protocol. It can 
be seen that during the course of this upload transaction, the protocol divides the uplink time 
into two portions. An ALOHA period [1] during which all ground terminals compete to send 
an upload request, and a demand assigned multiple access (DAMA) [168] contention free 
period during which a single terminal communicates with the satellite. 
Whenever a communications receiver becomes free on the satellite, an `invitation frame' is 
sent, inviting any terminals wishing to perform an upload to send an `upload request'. During 
this period, 'Ti'to `T3' the protocol operates an ALOHA multiple access scheme, allowing all 
terminals to openly transmit an `upload request' to the satellite. To minimise the probability of 
collision however, on receiving the `invitation frame' each terminal waits for a random period 
of time before it transmits its `upload request'. This random period of time is referred to as the 
back off timer period, and is illustrated in Figure 2-40 
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Figure 2-40. Upload transaction, ALOHA period 
Once the satellite receives an `upload request', it transmits an `upload acknowledgement' to the 
successful terminal. From this point onwards, 73' to 79', the protocol operates in a contention 
free mode, restricting the use of the uplink to a single terminal. During this period, the lower 
layer AX. 25 protocol provides error correction using the go-back-N automatic repeat request 
(GBN-ARQ) scheme, and data is passed error-free to the file transfer protocol. Once the file 
has been uploaded an `end of data' frame is sent. The satellite then examines the integrity of 
the file and if it is found to be in error a `checksum error' is returned and the file is deleted, 
otherwise a `success acknowledgement' is sent, and the uploading process completes. 
New upload protocol (NUP) 
The new upload protocol (NUP) [135] is a recent addition to the "PACSAT protocol suite" and 
is intended to replace the existing file transfer protocol. It operates in a similar manor to the 
`hole filling' broadcast protocol, using the lower layer AX. 25 protocol in datagram mode, and 
providing selective repeat automatic repeat request (SR-ARQ) error correction itself. 
As with the broadcast protocol, the algorithm works by first dividing the message into a number 
of data packets, adding a header and checksum to each, and then transmitting the packets to the 
satellite. On the satellite, the filename and packet location are extracted from the header, and 
the data portion of the packet is placed at its proper location. Again, missing packets will result 
in `holes' within the file. At this point the protocols differ, instead of waiting and transmitting 
a `hole fill request', the satellite periodically transmits the request, as shown in Figure 
2-41. 
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Figure 2-41. New upload protocol 
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3 Interference measurement 
While interference has been reported as a significant cause of degradation for communications 
systems operating within a low Earth orbit at VHF [74,1281, with the exception of the results 
and findings of this research, little other information has been published. Measurements have 
been performed by a number of companies and organisations in an attempt to characterise the 
environment and to aid in the design and development of future satellite systems. Very few of 
the results have been openly published, due it is believed, to the fierce competition between 
rival operators and the tactical edge such results may give. 
This chapter begins with a review of previous in-orbit and ground based measurement 
campaigns, illustrating the unavailability of information, and the importance of this research. A 
detailed description is provided of the measurement campaigns performed during the course of 
this research programme. Although these measurements have been limited by practical, 
financial and logistical constraints, they have nevertheless provided extremely valuable results, 
and are the only global channel occupancy or interference environment results for the 
Little-LEO VHF frequency band currently in existence. 
3.1 Previous campaigns 
3.1.1 Early ground-based and airborne measurements 
Between 1950 and 1970 a number of ground based and airborne measurement campaigns were 
undertaken, examining the incidental radio noise at a number of geographical locations world- 
wide, across the HF, VHF and UHF bands. A number of the measurements have been 
evaluated and consolidated into three publications [ 149,150,151 ]. Since these measurements 
were performed, reported spectrum usage within this band has changed dramatically, the results 
are therefore of little importance to this research and of historical interest only. 
3.1.2 In-orbit measurements performed by the Indian Space Research Organisation 
The Indian Space Research Organisation (ISRO), used the Indian remote sensing satellite 
IRS-1 A to perform measurements of ground based emissions at a number of geographical 
locations during 1990 [112]. With the exception of a single set of results, which show an 
interference level of -120 dBm/Hz as the satellite transited Australia, no other results 
have been 
reported. 
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3.1.3 In-orbit measurements performed using the S80/T microsatellite 
In 1990 the French space agency, the Centre Nationale de'Etudes Spatiales (CNES) contracted 
Matra Marconi Space (MMS) to design an experimental satellite, capable of performing in- 
orbit measurements of the communications environment within the 148.0 MHz to 149.9 MHz 
frequency band. The aim of the measurements to aid in the design and development of the 
French low Earth orbit satellite communications system S80-1 [82]. The microsatellite, S80/T, 
was launched as a secondary payload alongside TOPEX-POSEIDON on the Ariane 
V-52 during August 1992, into a circular orbit of altitude 1326km and inclination 66° [7]. 
Between 1992 and 1996, the satellite performed a number of measurement campaigns, 
examining the interference environment over various geographical regions [ 107]. 
The measurement payload comprised a1 MHz bandwidth transparent bent-pipe transponder. 
Signals were received from one of the two uplink bands, summarised in the table below, 
amplified and then retransmitted, without storage or processing. As only the uplink 
interference was of interest, the satellite also transmitted a calibrated beacon, which was used 
to remove the effects of noise in the downlink band. On the ground, the receiving station was 
used to receive and store both the retransmitted uplink signal and the calibration beacon. 
S80/T payload frequencies 
Uplink band A1 148.0 MHz - 149.0 MHz 
Uplink band B 148.9 MHz - 149.9 MHz j 
Downlink band 137.0 MHz - 138.0 MHz 
Table 3-1. S801T payload frequencies 
A limitation of S80/T measurement system was that the measurements could only be performed 
while the satellite was in view of the receiving groundstation. This required that for each 
measurement campaign the groundstation and archive equipment had be moved and set up at 
the centre of the geographical region of interest. Measurements were performed over a number 
of regions, including Europe, Asia, Australia and the United States, and while the campaigns 
are believed to have been successful, the results have never been published. 
While the S80/T results have remained out of the public domain, they have been used by a 
number of French organisations in the development of spread spectrum techniques suitable for 
use by low Earth orbit satellite systems proposing to operate within this frequency band. One 
example of this is the development of a frequency domain adaptive filter (FDAF), used to 
remove the high level terrestrial interference encountered within this band. The results and 
experience gained from the operation of the S80/T microsatellite have also been used in the 
design of a number of proposed Little-LEO communications systems, S80-1, TAOS, STARSYS 
[ 148] and E-SAT [20]. 
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3.1.4 In-orbit measurements performed using the Orbcomm satellites 
Prior to the deployment of the Orbcomm Little-LEO communications system [73,53], a number 
of satellites were launched to perform experiments and demonstrations within the proposed 
band of operation. Three experimental satellites were launched, as summarised in the table 
below. 
Orbcomm experimental satellites 
Orbcomm-X [74] Launched : 16"' July 1991 (Ariane-4) 
Failed during first day of operations 
Orbcomm-CDS 1 [103] Launched : 9t° February 1993 (Pegasus) 
Orbit : 760 km altitude, 25° inclination 
Orbcomm-CDS2 Launched : 25`h April 1993 (Pegasus) 
Orbit : 740 km altitude, 70° inclination 
Table 3-2. Experimental satellites 
The Capacity Demonstration Satellites (CDS I& CDS2) were equipped with frequency agile 
receivers, able to make measurements of the channel occupancy or interference environment 
within the 148.0 MHz to 149.9 MHz frequency band. The receiver, a prototype of the 
communications receiver later flown on the Orbcomm communication satellites, was used to 
verify the performance and demonstrate the use of the Dynamic Channel Activity Assignment 
System (DCAAS), an integral part of the Orbcomm communications scheme [89,139]. The 
specification of the receiver is shown in Table 3-3. 
7/ AAC ý. nnni»nw ornniý`irný/inn ai .s as a t. ivvvsi v" ur vvJ ww .w'.. 
Frequency range 148.0 - 149.9 MHz 
Step size 2.5 kHz 
Sweep time 5 Seconds 
Measurement bandwidth 2.5 kHz 
Noise floor -137 dBm/2.5 kHz (-171 dBm/Hz) 
Table 3-3. DCAAS receiver specification 
Since the launch of the early experimental satellites, Orbcomm have launched and 
commissioned the majority of their constellation, and are now providing operational service to 
subscribers world-wide [ 120,121 ]. The satellites are reported to be similar in architecture and 
have the same capability to perform in-orbit measurements as the experimental satellites CDS 1 
and CDS2. 
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The Orbcomm satellites have limited on-board storage capacity and therefore when performing 
measurements operate in either a short-term store and forward or bent-pipe mode. This limits 
the ability of the satellites to perform global measurements, as the satellite must perform 
measurements while in view of the groundstation. 
Orbcomm measurements have been used in the regulatory and co-ordination activities of the 
company, and have been presented in a number of regulatory study group documents and 
recommendations [22,21,23,89,139]. A limited number of results have been reported, they 
are however generally tailored to illustrate or defend a particular regulatory argument, and can 
not easily be used to determine the actual interference environment. For example, the results 
presented in Figure 3-1 have been reported in a number of regulatory documents [24,139] as an 
example of the environment seen by a satellite in low Earth orbit. The figure is used to 
demonstrate the availability of "free" channels and therefore the ability of the Orbcomm 
DCAAS scheme to operate within this frequency band. Actual interference levels can not 
easily be extracted from the results, since the measurements are reported in units of ADC 
counts, with no relationship given between ADC counts and signal strength. 
A frequency scan of the 148 to 149.9 WRC-92 VHF uplink band 
received by the Communications Demonstration Satellite (CDS) 
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Figure 3-1. Single Orbcomm scan of the Little-LEO interference environment 
In another example Orbcomm results were presented to argue against the requirement for band 
segmentation in Europe [24,281. The results, shown overleaf, were provided to illustrate the 
severity of the interference within the region and the unavailability of channels for use by the 
Orbcomm communications system. On first inspection, the results appear to verify the 
argument, although on close inspection it was found that the data set consisted of only eight 
measurements, and therefore little statistical confidence could be placed on the results. 
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Figure 3-3. European region scan statistics 
Orbcomm results : European region 
-"-148-149 MHz -f-149-149.9 MHz 
Figure 3-4. Number of "free" Orbcomm channels 
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3.1.5 In-orbit measurements performed by Final Analysis 
The Final Analysis FAISAT-2V satellite was launched on a Russian Cosmos rocket on 23d 
September 1997 [64], into a 1000 km, 83° orbit. The satellite's primary mission objectives to 
demonstrate store and forward communications and frequency sharing techniques. The satellite 
is reported to have been performing "spectrum mapping" at frequencies below 1 GHz [65], 
although results have never been reported. It is believed that the satellite developed technical 
problems and is no longer functional'. 
3.1.6 Regulatory audits and studies 
It is believed that other ground-based and airborne measurement campaigns have been 
commissioned by the various regulatory bodies, to either quantify the potential for interference 
to a particular terrestrial service or audit the spectral usage in a given band. One example of 
this is the United Kingdom Radio Communication Agencies (UK RA) audit of the land mobile 
radio usage in the London area [137,138]. These audits or surveys are specific and provide 
detailed information for a small geographical region. The results, while of interest, are 
unrepresentative of the environment seen by a satellite in a low Earth orbit. 
3.2 Measurement of the VHF band interference environment 
The motivation behind this research stemmed from the experience gained from operation of the 
Surrey satellites. While theoretical link budget analysis leads one to believe that operating 
conditions in this frequency band are favourable, the reality can often be somewhat different. 
From practical experience it has been found that interference can cause significant degradation, 
to the extent that the communications channel becomes unusable for prolonged periods of time. 
It has also been seen that the level and probability of interference changes with geographical 
location and time of day. With these practical observations in mind, the first stage of this 
research programme has been to investigate and quantify the potential for interference for low 
Earth orbiting satellites operating within the Little-LEO VHF frequency band. 
3.2.1 Measurement options 
In planning such a measurement campaign, a number of issues have to be taken into account, 
including the objectives, time scale and cost. In this instance, the short time scale and financial 
constraints have limited the available options. 
'Personal communication with Mr. Henry R. Norman, President of VITA. 
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Figure 3-5. Measurement campaign planning 
3.2.1.1 Ground based and airborne measurements 
Ground-based measurements are good for examining the local radio interference environment, 
and are often performed prior to the installation of a new groundstation. The measurements are 
limited to a small physical area and can be heavily influenced by the local terrain. The results 
are also very specific and do not accurately represent the interference environment of a low 
Earth orbiting satellite. 
Improved results can be obtained by conducting the measurements from an aircraft, minimising 
the effects of local terrain and increasing the coverage area of the survey. As with the ground- 
based measurements, the results are limited to an area much smaller than the field-of-view of 
the satellite and are therefore unrepresentative of the environment seen from orbit. 
3.2.1.2 Satellite based measurements 
The only realistic method for measuring the interference environment of a low Earth orbit 
satellite is to use a satellite in an appropriate orbit operating within the frequency band of 
interest. This can be achieved using an existing in-orbit satellite, or developing and launching 
either an experimental payload or a dedicated satellite. The choice is a trade-off between cost, 
time and performance. 
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A dedicated satellite would provide the optimal solution to the requirements of an in-orbit 
measurement campaign, the satellite being specifically designed and optimised to perform such 
a task. The disadvantage is one of cost and time. The design, development and launch of such 
a satellite is beyond both the financial and time constraints of a doctoral research programme. 
Another option is to design and develop a payload that can be flown as an experiment on 
another satellite. The advantage of this is that the cost can be substantially reduced, while 
maintaining control over the specification and design of the payload. The disadvantages 
however are that the measurement campaign may be constrained by the operation of the host 
satellite, and the time scales may prohibit this from being an option. 
The final option is to use an existing satellite to perform the measurements. The advantage 
being that the satellite is already in orbit, so measurements can be performed relatively quickly 
and at a moderate cost. Unfortunately very few of the existing satellites are able to perform 
such measurements, and those available are limited in their ability. 
3.2.2 Measurement campaign 
The two options open to this research programme were to attempt to use an existing Surrey 
microsatellite to perform the measurements or to develop an experimental payload that could be 
flown on a future mission. Fortunately the timing was such that both could be undertaken, 
allowing preliminary measurements to be performed using the existing HealthSAT-II 
microsatellite, while aiding in the design and development of an experimental payload which 
was then flown on the FASat-Bravo and Thai-Phutt satellites. 
3.2.2.1 HealthSAT-II measurement campaign 
General description 
The HealthSAT-II microsatellite, launched in 1993, was designed and developed on behalf of 
SatelLife, a non-profit American aid agency [146]. The satellite's mission is to provide Email 
type, digital store and forward communications between a centralised medical facility in the 
United States and medical relief workers operating in remote parts of the world. Together with 
HealthSAT-I (UoSAT-3) the satellites form the HealthNET communications system, the first 
operational Little-LEO constellation. 
General and orbital information for HealthSAT-II is provided in the table overleaf. 
John Paffett Page 57 of 223 Measurement 
VHF band interference measurement, analysis and avoidance 
General information 
Satellite information 
I Satellite name i HealthSAT-II 
NORAD object Number 22827 
Launch date 1993 
Launch vehicle Ariane 4 
Manufacturer Surrey Satellite Technology Limited 
Customer SatelLife 
Payload Store and forward communications, for medical 
relief workers in the developing countries. 
Orbital information 
Orbit Circular, sun synchronous 
Altitude 813 km 
Inclination 98.5° 
Ascending node 21: 00 
Specific information (receiver systems) 
Receiver noise equivalent bandwidth 15 kHz 
Receiver one frequency 149.825 MHz 
Receiver two frequency 149.875 MHz 
Table 3-4. HealthSAT-11 satellite information 
The HealthSAT-II store and forward communications payload consists of two 9600 baud SFSK 
VHF up-link receivers, an 80186 based on-board computer with a 50 Mbyte solid state RAM 
disc, and a 9600 baud SFSK UHF transmitter. A third receiver is used for commanding the 
satellite, and a second on-board computer and transmitter are provided for redundancy. 
VHF 
Uplink 
50 MByte Transmitter 
RAMDISC One 
ORC 
Dual redundant Two 
on-board computer `-'ý 
1 Telemetry 
and 
Figure 3-6. HealthSAT-11 block diagram (simplified) 
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Downlink 
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To the user the spacecraft appears as a simple file server or remote bulletin board. This allows 
messages to be uploaded and downloaded simply and efficiently without the user requiring a 
detailed knowledge of the satellite. The delivery of messages is not content specific and so a 
message may contain any form of digital data. 
Since the satellite operates within a low Earth orbit, it spends a large proportion of its time out 
of range from the command and control groundstation. Sophisticated mechanisms for 
controlling and monitoring the spacecraft have therefore been implemented in software, 
allowing semi-autonomous control of the satellite to be achieved. The satellite is able to 
execute commands based on the contents of a schedule file and store data from the telemetry 
and telecommand sub-system into the file system of the store and forward payload. 
Receiver sub system 
The satellite has a triple redundant receiver, with one command receiver and two 
communications receivers. The command receiver is designed to be insensitive and highly 
tolerant to overload in order to cope with the high levels of interference experienced within the 
band, consequently a high uplink power is required in order gain access to the satellite via this 
receiver. The two communications receivers have been designed to have a higher sensitivity, 
allowing them to be used with low power ground terminals. 
A detailed block diagram of the HealthSAT-II receiver sub system is shown below. The input 
from the antenna is first filtered to provide rejection of the 400 MHz UHF downlink signal. 
The coupled output from a 10dB coupler is then used to feed the command receiver and a 
subsequent 3dB-power splitter feeds each of the communication receiver chains. 
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In each of the chains the signal is amplified and then filtered with an image rejection filter prior 
to down conversion to 10.7 MHz. Each of the communications receivers have a dual local 
oscillator, allowing the receiver frequency to be switched a primary and secondary frequency. 
A crystal filter at 10.7 MHz is designed to provide the required pass band response, and defines 
the 15 kHz channel. The filter is immediately followed by an intermediate frequency amplifier 
(IFA) and a mixer, which down-converts the signal to 455 kHz. Here the signal is filtered with 
a ceramic filter, limited and frequency demodulated. 
The two communications receivers have the ability to provide automatic frequency control 
(AFC), using the mean output voltage from the discriminator to compensate the frequency of 
the first local oscillator. This is only useful however if a single groundstation is in operation. 
Under normal operations, the automatic frequency control is disabled. 
Telemetry and telecommand sub system 
The telemetry and telecommand module is responsible for the control and monitoring of each 
of the satellite sub-systems. When used with the on-board computer and flight software it is 
able to perform semi-autonomous control of the satellite. Each of the sub-systems provides a 
number of status points, or telemetry channels, designed to aid pre-launch and in-orbit testing, 
as well as allowing in-orbit system monitoring. 
The two communications receivers each have three primary telemetry channels. These are the 
received signal strength (RSS), the mean output voltage of the discriminator (DISC), and the 
control voltage from the automatic frequency control loop (AFC). 
50 MByte 
VHF RAMDISC 
Uplink 
VHF 9600 baud OBC 
Receiver Demodulator 
Discriminator Voltage (DISC) 
Telemetry 
Received Signal Strength (PSS) 
and 
Automatic Frequency Control (AFC) Telecommand 
Figure 3-8. HealthSAT-Il TTC block diagram 
Received signal strength (RSS) 
The received signal strength telemetry channel provides a measurement of the total signal 
power within the 15 kHz receiver bandwidth. It can be used to provide an estimate of channels 
occupancy or interference level, but is unable to discriminate between wanted and unwanted 
signals. 
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Discriminator voltage (DISC) 
The mean output voltage from the discriminator provides an estimation of the frequency error 
of the received signal. Using this telemetry channel it is also possible to examine and locate 
interference sources, using the Doppler error to pinpoint the origin of the signal. 
Automatic frequency control voltage (AFC) 
This telemetry channel is only valid if the automatic frequency control facility is enabled on the 
receiver. The telemetry channel provides an indication of the automatic frequency control loop 
error or steering voltage. It allows the satellite to determine if the uplink frequency has been 
correctly compensated for and if the values are within range. 
Schedule files 
The on-board computer and associated software provide the facility to schedule events on the 
satellite. The schedule file, created by the user, contains an ordered list of commands which 
when uploaded to the satellite will be carried out in that given order and at the times specified. 
This allows the on-board computer to perform control and command tasks while the satellite is 
out of range of the command station. Several examples of scheduled events would be: turning 
on a payload; take an image and transfer the data; or in this instance arranging for a whole orbit 
data survey to be conducted. 
Whole orbit data (WOD) files 
One of the tasks supported by the on-board computer makes it possible to poll the telemetry 
system at a predefined rate and time for a number of specific telemetry channels, which are then 
stored in a Whole Orbit Data (WOD) file. This gives the satellite the ability to record its 
operating conditions over an extended period of time, downloading the data as the satellite 
passes over the groundstation. 
The whole orbit data file contains the survey start time, stop time, increment, channel numbers, 
and the raw uncalibrated data. Using the information contained within the file, the sampled 
channels can be recovered, and the approximate time of each telemetry sample estimated. Time 
stamping of each telemetry channel is a feature that is of significant importance during the 
analysis of the data and one that has been neglected on a number of other orbiting satellites. 
Global signal strength measurements 
Using the whole orbit data survey and task scheduling facility, a standard feature on all of the 
Surrey microsatellites, it has been possible to perform limited measurements of the interference 
environment or channel occupancy within two 15 kHz HealthSAT-II channels, at 149.825 MHz 
and 149.875 MHz. 
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Whole orbit data surveys were set up to sample the three telemetry channels on each 
communications receiver, at a sampling rate of one sample per second, each survey lasting 
twenty four hours. The HealthSAT-II measurements campaign started during September 1996, 
and has recently completed its third year. The figures below show the received signal strength 
and discriminator output voltage telemetry channels for a thirty minute period, as the satellite 
transited the Asian Pacific and Australian region, during Thursday 30`h July 1998. 
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-60 
-70 
co 
'O 
-80 L 
iy 
N 
-90 
io -100 c 
CF) 
(0 
-110 
-120 
'I III1iIýI' 
III 
IIIIIiIIII 
IIIIII 
o LO o 
Receiver One 
Receiver Two 
5 
Co 
ö4 
3 
O 
0 
N2 
C 
E 
U 
L() O LA 
NN 
Time (Mnutes) 
Figure 3-9. Example whole orbit data survey (received signal strength) 
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Calibration 
To use the raw telemetry values generated by each of the satellite sub-systems, calibration 
equations are required. The equations are used to convert the raw output from the telemetry 
system analogue to digital converter, to a more meaningful measurement, in this instance signal 
power or output voltage. Calibration of the relevant telemetry channels is performed while the 
satellite undergoes its environmental test campaign, during which the satellite is operated over a 
range of temperatures in a near vacuum environment, representative of conditions the satellite 
experiences while in orbit. 
The calibration equation for each of the relevant telemetry channels is represented by a second 
order polynomial. 
y=A"x2 B"x aC Eq. 3-1 
For the HealthSAT-II microsatellite, the received signal strength has been calibrated into dBm, 
and the discriminator output into volts. The coefficients for the calibration equations are 
provided in the table below. 
Calibration equations (y = Axe+Bx +C) 
Telemetry channel A BC Units 
Receiver one signal strength 0 0.028 -175 dBm 
Receiver one discriminator output 0 0.001222 0 Volts 
Receiver two signal strength 0 0.028 1 -175 dBm 
Receiver two discriminator output 0 0.0012225 0 Volts 
Table 3-5. Telemetry equations (dBm) 
Given the noise equivalent bandwidth of the receiver filter, the raw telemetry values can be 
converted to bandwidth independent units of dBm/Hz using the following equation 
dBm/Hz = dBm/l5kHz - l0log(15000) 
dBm/Hz = dBm/l5kHz - 41.761dB 
Eq. 3-2 
Eq. 3-3 
Calibration equations (y = Ax2+Bx +C) [dBm/Hz] 
Telemetry channel ABC Units 
Receiver one signal strength 0 0.028 -216.761 dBm/ Hz 
Receiver two signal strength 0 0.028 -216.761 dBm/Hz 
Table 3-6. Telemetry equations (dBm/Hz) 
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3.2.2.2 FASat-Bravo measurement campaign 
An opportunity arose at the beginning of this research programme to aid in the design and 
development of an experimental communications payload. The payload, comprising of a dual 
redundant frequency agile receiver and digital signal processing module, was designed to allow 
a range of communications experiments to be conducted. 
General description 
FASat-Bravo was built and launched as a replacement for the FASat-Alpha microsatellite, 
which failed to deploy after its launch in 1995 [158]. The satellite was designed and developed 
as part of a technology transfer programme with the Chilean Air Force (FACH). It contains a 
number of experimental payloads, including two ozone imaging cameras, a GPS receiver, and 
the experimental communications payload. A summary of the satellites general and orbital 
information is provided in the table below. 
- --- ------------ - -- --- General information 
Satellite name 
Satellite information 
----- --- -- - 
FASat-Bravo 
NORAD object Number 25398 
Launch date 10th July 1998 
Launch vehicle Zenit-2 
Manufacturer Surrey Satellite Technology Limited 
Customer Chile : Chilean Air Force (FACH) 
Orbital information 
Orbit Circular, sun synchronous 
Altitude 
Inclination 
820 km 
98.8° 
Ascending node 21: 00 
Table 3-7. FASat-Bravo satellite information 
Although this replacement satellite was built in a relatively short period of time, a number of 
other launch failures resulted in significant launch delays, the satellite finally being launched on 
the 10`h July 1998, some eighteen months after its original scheduled launch date. These launch 
delays have had a significant impact on the timing of this research campaign. 
The satellite is similar in architectural design to the earlier Surrey microsatellites, although 
there have been a number of significant changes. The major additions include the OBC386 
on-board computer with a 128 Mbyte solid state disc and an improved local area network, based 
on the Controller Area Network (CAN) used extensively by the automotive industry [54]. 
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An overview of the microsatellites sub-systems is provided in Table 3-8. 
. 
Cnt0%j)IO ctih_cvtnmc. vwrv r. n.. vnu- 1ýrv/I rN 
Bus systems 
OBDH Primary OBC : Intel 80386,128 Mbyte solid state RAM disc 
Secondary OBC : Intel 80186,8 Mbytes 
Primary LAN : Controller Area Network (CAN) 
Secondary LAN : Data Sharing Network (DASH) 
- RF -- -- ------ --- - -- ---- ---- - Receivers : VHF, 9600 baud SFSK 
1x command receiver 
2x communications receivers 
Transmitters : UHF, 9600 baud and 38400 baud SFSK 
Dual redundant 
TTC Standard centralised TTC module, including CAN interface 
Payloads -------- --------- 
Imaging Narrow angle panchromatic camera 
Wide angle panchromatic camera 
- - -- ---- 
2x Ozone cameras 
- --- -- Communications ------ -- -- -- --- --- ----- -- -- --- - -- --- `Data Transfer Experiment' 
Dual redundant experimental payload. 
140MHz - 152 MHz frequency agile receiver. 
DSP'C31 based digital signal processing module 
-- --- ----------- -------- ----- - GPS - -- Experimental GPS receiver 
Other Reaction wheel experiment. 
Table 3-8. FASat-Bravo system overview 
The experimental communications payload 
The FASat-Bravo microsatellite is equipped with an experimental communications payload, 
known as the "Data Transfer Experiment" (DTE) [ 124,125]. The experimental payload 
comprises two VHF synthesised receivers and two TMS320C31 based digital signal processing 
modules, all contained within a single microsatellite module tray. Although each unit is 
capable of operating independently, together they form a powerful and innovative payload for a 
range of communication experiments. 
The two receivers share a common low noise amplifier (LNA) and interface to the satellite's 
single VHF antenna system. The design of each receiver is identical thereafter, providing 
redundancy. The receivers are frequency agile, with a tuning range of 140 MHz to 152 MHz in 
5kHz steps. Each receiver has a linear chain providing an input for the digital signal processing 
module. 
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Figure 3-11. Block diagram: Frequency agile receiver 
The receiver has a noise floor of -160 dBm/Hz, and a dynamic range of 60dB. The first local 
oscillator is synthesised and can be programmed to step across a 12 MHz band in steps of 
5 kHz or multiples. To provide image rejection a2 MHz bandwidth tracking filter is used. The 
receiver then breaks into two chains, the receiver maintains an FM chain, providing 
compatibility with the existing SFSK uplink used on existing Surrey microsatellites and 
implements a similar 15 kHz receiver bandwidth. A 9600 baud SFSK demodulator then allows 
the receiver to be used in the same way as the conventional bus receiver but with the advantage 
that its receive frequency can be adjusted. An additional intermediate frequency chain is then 
linearly down converted before being passed onto the digital signal-processing module, 
allowing signal analysis to be performed on the received channel. 
Control of the payload is achieved via the spacecraft controller area network (CAN). The 
microprocessor used to control the synthesiser also provides the facilities for distributed 
command, telemetry and data handling. The ability of the microcontroller to execute programs 
stored in its firmware allows sophisticated tasks such as multi-channel signal strength surveys 
and automatic gain control to be performed. 
Multi-channel signal strength measurements 
While the HealthSAT-H measurement campaign generated interesting and valuable results, they 
were limited to two separate channels within the frequency band of interest. Although these 
two channels gave an insight into the potential for interference, they do not portray an accurate 
assessment of the situation across the whole of the band. The experimental communications 
payload, and in particular the frequency agile receiver and associated software, were therefore 
designed to overcome this limitation. 
The frequency agile receiver has a high level of functionality built within it, including the 
ability to perform multi-channel received signal strength surveys. This function allows the user 
to specify a number of survey parameters, including the start channel, stop channel, channel 
increment and averaging time. The payload can then be made to `scan' across a band of 
interest in steps, performing measurements of the received signal strength in each of the 
channels. 
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The measurements are then stored by the on-board computer, and later downloaded as the 
satellite transits the groundstation. As well as storing the raw measurements the on-board 
computer also records the time of each scan and each of the relevant survey parameters, aiding 
considerably during the analysis of the data. The multi-channel signal strength scans are 
scheduled on the satellite in the same manor as the HealthSAT-II whole orbit data surveys. 
This provides the ability to configure the payload easily, and the flexibility to perform global 
surveys or concentrate on a particular geographical region. 
Figure 3-12 shows a number of example scans performed as the satellite transited Europe 
during the 21" January 1999. The "waterfall plot", as defined on page 82, shows channel 
occupancy or interference environment within the 148.0 MHz to 150.0 MHz frequency band. 
The x-axis corresponds to time, y-axis frequency, and the colour is an indication of signal level. 
Frequency 
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Figure 3-12. Example European scan 
The diagram provides a good visual representation of the channel occupancy, interference 
environment, or traffic loading within the geographic region and frequency band of interest. 
The analysis of these results is provided in subsequent chapters. 
Calibration 
The raw signal strength measurements are stored on the on-board computer and then 
downloaded as the satellite transits the Guildford groundstation. As with the HealthSAT-II 
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measurements, the raw results require calibration. The coefficients for the FASat-Bravo 
frequency agile receiver calibration equations are provided in Table 3-9 [122]. 
- --- -------------- 
Calibration equations (y = Axe+Bx +C) 
-- ---- - --- --- ------ -------- -------- --- -- Telemetry channel AR 
Receiver one signal strength 0 0.078 -149.5 I dBm 
Receiver one signal strength 0I0.078 
Receiver two signal strength 0 0.078 
-191.26 dBm/Hz 
-146.25 dBm 
Receiver two signal strength 0 0.078 188.01 dBm/Hz 
Table 3-9. FASat-Bravo telemetry equations 
3.2.2.3 Other experimental payloads 
Since the initial design of the `Data Transfer Experiment' the experimental payload has been 
included on a number of other Surrey microsatellites, detailed in Table 3-10. Using the 
knowledge gained from the operation of the FASat-Bravo and Thai-Phutt payloads, a number of 
enhancements have been made to the subsequent missions. 
Microsatellites equiped with the frequency agile receiver. 
Jate1Lite customer i Launcfl Jtatus ! votes 
FASat-Alpha Chile 31/08/95 Failed Original payload 
Ts klon design 
FASat-Bravo Chile 10/07/98 Operational Slight modifications 
Zenit-2 
Thai-Phutt Thailand 10/07/98 Operational Slight modifications 
Zenit-2 
TiungSAT- 1 Malaysia 2000 Awaiting Slight modifications 
Unconfirmed Launch 
UoSAT- 12 1 SSTL 27/04/99 Operational Used as bus receiver 
Dnepr 
Tsinghua-1 China 2000 Awaiting Redesigned to examine 
Unconfirmed Launch UHF_band. 
Table 3-10. Microsatellites with frequency agile receivers 
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3.3 Summary 
This chapter has described how the interference environment at frequencies across the Little- 
LEO VHF frequency band has been measured. Utilising low cost microsatellites operating 
within a low Earth orbit, it has been possible to perform global measurements of the 
interference environment, providing valuable results, which have generated substantial interest 
from both the academic and commercial communities. 
While the HealthSAT-II microsatellite was not specifically designed to perform such 
measurements, the versatile system architecture and sophisticated on-board software have 
allowed the first results of the global interference environment to be obtained and reported 
[ 123,127]. The development of the experimental communications payload has allowed the 
measurements to be expanded, examining the environment across the entire band of operation. 
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4 Interference analysis 
This chapter examines the techniques used in the analysis of the data obtained from the 
HealthSAT-II and FASat-Bravo measurement campaigns. The techniques have been divided 
into three categories: simple, geographic and statistical analysis, each allowing different 
properties of the interference environment to obtained. 
- Simple analysis provides information on the time varying nature of the measurements, 
identifying different types of interference: constant, sporadic and negligible, and allows 
correlation between channels to be examined. 
- Geographic analysis relates interference level to geographical location, showing how the 
interference environment or frequency usage varies worldwide. Geographic averaging of 
the data allows the location of high-level interference sources to be pinpointed. 
- Statistical analysis of the measurements allows the statistical properties to be examined for 
a given geographical location, frequency or period of the day, providing qualitative figures 
that may be used for a number of purposes. 
4.1 Measurement campaign overview 
A summary of the measurement campaigns performed during the course of this research 
programme is provided below. The campaigns have been divided into two categories: 
Table 4-1 outlines the measurement campaigns, which examine the global environment, while 
Table 4-2 summarises regional measurement campaigns, which provide detailed information 
relating to the interference environment for a particular geographical region. 
Global in-orbit measurement campaigns 
# Satellite Name Frequencies Survey Campaign Comments 
(MHz) Duration Duration 
1I HealthSAT-II 149.825 MHz 24 Hour 
& 149.875 MHz 
, 
2 FASat-Bravo 
>3 Years ý Initial survey 
148.000 MHz 2 Hours 2 Month `Little-LEO' survey 
- 150.000 MHz 
Table 4-1. Summary of global in-orbit measurement campaigns 
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FASat-Bravo regional measurement campaigns 
# Region Frequencies Sampling Campaign Comments 
(MHz) Rate Duration 
1 European 148.000 MHz lOs / scan 
1 month E-SAT Band 
- 149.000 MHz 
2 European 148.000 MHz 20s / scan 
3 months Increased frequency range 
- 150.000 MHz to examine entire 'Little- 
LEO' band. 
3 CONUS 148.000 MHz lOs / scan 
4 months E-SAT Band 
- 149.000 MHz i 
4 Chile 148.000 MHz 10s / scan 4 months Chilean region examined at 
- 149.000 MHz the request of Chilean Air 
Force. 
5 Asia 148.000 MHz lOs / scan I month E-SAT Band 
- 149.000 MHz 
6 Asian Pacific 148.000 MHz 20s / scan 3 months Increased region to 
- 150.000 MHz examine Australia. 
Table 4-2. FASat-Bravo regional in-orbit measurement campaigns. 
4.1.1 Programmatics 
While the two satellites used to perform the measurements are functionally different, the way in 
which the campaigns are performed is similar. An illustration of the United States regional 
measurement campaign performed using FASat-Bravo is shown in Figure 4-1. 
On-orbit 
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Ground-based 
activities 
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Define measurement Upload survey Perform on-orbit Retrieve completed Post-process and 
campaign region to satellite measurements surveys onalyse dato 
Preparation Measurement 
Figure 4-1. Campaign programmatics 
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4.1.2 Preparation 
During the preparation phase the region, frequency range, sampling rate and campaign duration 
are all selected. As the measurement campaigns are performed in parallel with other spacecraft 
activities, the parameters are chosen to have minimal impact on the operational usage of the 
satellite. This limits the amount of data each survey generates in a given period of time. 
Data generation 
Satellite Data generation Comments 
HealthSAT-II 1.2 MBytes / Day Guildford groundstation is only used for 
housekeeping and TTC functions. Spare 
downlink capacity can be freely used. 
FASat-Bravo 600 kBytes / Day Satellite downlink shared with other experiments, 
Downlink data rate is limited. 
Table 4-3. Maximum data generation 
Given the number of channels sampled `N', the sampling rate `R' channels per second, and the 
measurement duration `D' in seconds, the file size `S' in bytes, can be estimated using the 
following equations. 
i D, SHSII HHSII+ (N"2)" ý +I 
R 
11 
Eq. 4- 1 
SFSB=H 
FSB + 
[[TFSB 
+ (N "2) +F]D FSB (R N) Eq. 4- 2 
where `H' is the header size, `T' is a time flag and `F' is a status flag, which are all constants 
and defined in Table 4-4. 
Name Description Size (Bytes) 
HHSII HealthSAT-II WOD file header 10 Bytes 
HFSB FASat-Bravo scan file header li Bytes 
T Time flag 4 Bytes SB 
FFSB Status flags 6 Bytes 
Table 4-4. Constants 
When the measurement parameters have been selected and verified, a schedule 
file is created 
and uploaded to the satellite. 
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4.1.3 In-orbit measurement 
Once the schedule file has been uploaded to the satellite, the on-board computer becomes 
responsible for the execution of the survey. This part of the process differs between the two 
satellites. On HealthSAT-II the schedule file sets up and executes a whole orbit data survey, 
while on FASat-Bravo it turns on and configures the experimental frequency agile receiver. 
The result is the same on both satellites: a file is created and stored within the file system of the 
satellite's store and forward communications payload. 
4.1.4 Data retrieval 
As the satellites transit the United Kingdom, completed survey files are downloaded and stored 
on the groundstation archive machine. The format of the HealthSAT-II whole orbit data and 
FASat-Bravo signal strength survey files are shown in Figure 4-2 and Figure 4-3. 
4421 (2*N) 
Header TsrAar { Tsra "ý ßs1 Wumbe" 
End of file   
marker 
KEY : 
TSTART = WOD survey start time Tsrop = WOE) survey stop time 
I= Sampling rate N= Number of channels 
SN = Telemetry sample E= End of file marker 
Figure 4-2. HealthSAT-11 WOD file format 
End of file   
marker 
KEY : 
V = Version CSTART = Start channel 
CSTOP = Stop channel CSTEP = Channel increment 
RI = RSI time interval RL = R5I average length 
RT = R5I ticks SN = Telemetry sample 
N = Number of channels Fx = Survey status flags 
(( CSTOP - CSTART) 
CSTEP) +1 
Figure 4-3. FASat-Bravo signal strength survey file format 
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4.1.5 Post-processing 
Before the in-orbit measurements can be analysed, the archived data is processed, converting 
the files into a common format and appending satellite position information to each of the 
records. 
Inputs 
- Raw survey file 
- Keplerian elements Satellite 
- Satellite information information 
Output 
- Processed data file, 
including sub-satellite position 
Raw survey Time stamp Orbit propagator Processed 
file processing 5 GP4 file 
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Figure 4-4. Post-processing 
All measurements, telemetry samples and signal scans performed by the satellites are time 
tagged with the spacecraft time before being stored on the on-board computer. Saving the time 
tag allows the satellite position information to be determined using NORAD two line Keplerian 
elements [93] and an orbital propagation model such as SGP4 [95]. 
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Figure 4-5. Time to SSP 
The ability to relate each telemetry sample to the spacecraft time and ultimately satellite 
position becomes significant during the analysis of the measurements, allowing geographical 
and temporal information to be obtained. While the addition of time information seems logical, 
a number of other in-orbit satellites are unable to support such a feature, which limits the 
amount of information which can be extracted from their measurements. 
elements ''A' 
Figure 4-4. Post-processing 
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4.2 Sorting, geographic and temporal 
In performing the analysis, it is sometimes required that the measurement data set is limited to a 
particular time period or geographical region. This is achieved by sorting the post-processed 
data, based on a given set of criteria, either time period, geographical region, or both. All 
records within the data set are compared against the sorting criterion, if it is met the record is 
analysed, otherwise the record is neglected. 
Raw data 
Post-processing 
Calibration 
Sorting Sorting 
Analysis 
Results Local 
Geographic 
Time Region 
Figure 4-6. Time and geographic sorting 
4.2.1 Geographic sorting 
A number of different geographic criteria have been used during this research programme, 
either to define a geographical region or a particular location of interest, a summary of which is 
provided in the table below. 
Geographical locations of interest 
Name Latitude iongiruae 
Australian region 25.0° South 135.0° East 
European region 45.0° North 0.0° East 
North American region 50.0° North 100.0° West 
ý 
Beijing, China 39.92 ° North '. 116.38° East 
Cape Town, South Africa 33.8° South 18.47° East 
Guildford, England 51.0° North 1.0° West 
Santiago, Chile 
Spitzberg, Norway 
33.43° South 
78.22° North 
70.67° West 
15.38° East 
TTcvdPv Aiistralia 33.92° South 151.28° East 1 .11 
Table 4-5. Geographic locations of interest 
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A geographical region is defined in terms of a latitude and longitude. The sorting criterion is 
then determined by calculating the field-of-view for that particular location. Figure 4-7 shows 
the field-of-view for the Guildford groundstation, located at latitude 51 ° North, and longitude 
1° West. 
Figure 4-7. Guildford groundstation field-of-view 
4.2.2 Temporal sorting 
To examine the time varying properties of the measurements, the data set is sorted into time 
periods, and analysis performed on each. Two periods have been used throughout this analysis, 
the definition of which is shown below. 
Time period definition 
Satellite Period Definition 
HealthSAT-II Day 06: 00 - 18: 00 local time 
----- ------ --- HealthSAT-II -- ---- Night --- 18: 00 - 06: 00 local time 
FASat-Bravo Day 05: 00 - 17: 00 local time 
FASat-Bravo Night 17: 00 - 05: 00 local time 
Table 4-6. Time period definition 
4.2.2.1 Definition of time periods 
The selection of the time periods is not arbitrary, and depends on the orbit of the satellite. 
HealthSAT-H and FASat-Bravo both operate in a sun-synchronous orbit, and as a consequence 
the satellites are locked in an orbit that crosses the equator at approximately the same times 
each day. The satellites therefore only transit a particular geographical location at specific 
times. Figure 4-8 shows the distribution of scan times for measurements performed by FASat- 
Bravo during January 1999. 
From the graph it can be seen that the majority of the measurements were performed between 
10: 00 and 12: 00, and from 21: 00 until 22: 00, and that no measurements were performed 
between the hours of 24: 00 and 08: 00. 
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Figure 4-8. FASat-Bravo, local scan time distribution 
It should be noted that all time periods are defined in terms of local hour and that this differs 
from the time stamp written into the file on-board the satellite, as the satellite operates on 
Greenwich Mean Time (GMT). The local time is defined as the time on the Earth at the sub- 
satellite position. 
An algorithm has been developed for conversion between spacecraft time and local time. It is 
based on a look-up table consisting of 64800 elements in an array 360 x 180, each element 
containing an offset in hours between local time and GMT. To perform the conversion, the 
sub-satellite position is used to extract the time offset from the look-up table, which when 
added to the satellite time provides the local time. Figure 4-9 is an illustration of the time zone 
model, with an overlay of the major countries provided for reference. 
Local time = GMT + offset 
I1 10 9 -8 -7 -6 -5 -4 -3 -2 -1 0 "1 "2 "3 -4 +5 -C "7 "8 -9 "10; "11 "12 
Half hour zones "3.5 "4.5 
n 
Figure 4-9. Time zone model 
The model is an approximation, and does not take into account seasonal variations in time 
zones, or minor time zone regions. It is therefore only accurate to within one hour, 
but this is 
sufficient for this application. 
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4.3 Analysis methodology 
There are a number of ways in which the in-orbit measurements can be analysed and the results 
presented. The analysis techniques used during the course of this research programme have 
been divided into three main categories, simple, geographic and statistical analysis. 
Raw data 
Post-processing 
Calibration 
Sorting 
Analysis 
Results 
Interference types - Geographic structure - Statistical distributions 
Correlation - Global analysis - Enhanced link budget analysis 
Noise floor - Frequency usage - Environment modelling 
Channel occupancy - Source location 
Analysis 
Simple 
Analysis 
Geographic 
Analysis 
Statistical 
Analysis 
Figure 4-10. Analysis methodology 
The analysis has been constrained, and focuses on the four following objectives. 
1. To verify that interference is a significant cause of degradation for satellite 
communications systems operating within this frequency band. 
2. To characterise the interference environment and identify possible avoidance strategies 
that could be used to improve the operation of the Surrey store and forward 
communications system. 
3. To aid European regulatory activities relating to the spectrum sharing and "Little-LEO" 
co-ordination at frequencies below I GHz. 
4. To aid in the system design of the E-SAT "Little-LEO" constellation. 
4.3.1 Simple analysis 
The simplest form of analysis is to examine the time varying nature of the receiver signal 
strength measurements. This allows a number of properties to be obtained from the results, 
including interference types, channel occupancy, correlation and receiver noise floor. 
Figure 4-11, shows the calibrated received signal strength for the two HealthSAT-II receiver 
frequencies, during a single orbit of the satellite. 
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Figure 4-11. Calibrated measurements (HSII 09/04/97) 
4.3.1.1 Interference types 
The diagram above shows that there are a number of different types of interfering signal. These 
have been divided into three main categories, namely: 
Type A- Constant interference. 
Type B- Sporadic interference. 
Type C- No interference. 
Constant interference (Type A) 
Type A- constant interference sources, illustrated in Figure 4-12, are those which use the 
channel for continuous periods of time, resulting in a raised noise floor or noise pedestal. This 
type of interference source can cause severe degradation and limit the usage of the particular 
channel by any other service within that given geographic region. The particular interfering 
signals shown below corresponds to a pager network located in southern Australia [12]. 
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Figure 4-12. Type A interference 
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Sporadic interference (Type B) 
Type B- Sporadic interference sources, illustrated in Figure 4-13, are those services which use 
the channel in a "bursty" manner, typically for public mobile radio type applications [ 19]. In 
this type of environment, communication is possible between bursts, but the sporadic nature of 
the environment can cause severe degradation and limit the usefulness of the communications 
channel. 
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Figure 4-13. Type B interference 
No interference (Type C) 
The final category of interfering signal corresponds to that of no interference, as illustrated in 
Figure 4-14. In this situation either the channel is unused by any other service, or the signal 
level is below that of the noise floor of the measurement receiver. This is the most favourable 
of communications environments, and communications can occur without any degradation. 
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Figure 4-14. Type C interference 
4.3.1.2 Correlation between channels 
Analysis of the HealthSAT-H measurements shows that there are periods where channel 
occupancy or frequency usage is correlated and periods where it is not, as illustrated in 
Figure 4-15. This leads one to believe that at a given time, a particular channel may be more 
suitable for operations than the other, and that frequency diversity could be employed in some 
instances to overcome the effects of interference. 
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Figure 4-15. Correlation between channels 
Noise floor, lower bound 
The minimum level of interference that can detected by the satellite is dependent on a number 
of factors, including the receiver noise floor and external noise picked up through the satellite's 
receive antenna system. If one assumes the receiver implementation to be ideal, then a lower 
bound can be estimated by examining the sources of external noise and their contribution to the 
measurement noise floor. 
The external noise can be considered to consist of contributions from a number of noise 
sources, including galactic, cosmic, solar, and terrestrial noise. It is assumed that all noise 
sources are Gaussian. Noise from individual sources such as the Sun, atmospheric gases and 
the Earth's surface are usually given in terms of a brightness temperature, `Tb(SQ)' [143]. The 
antenna temperature, `Tu', is the convolution of the antenna pattern `G' and the brightness 
temperature `Th(Q). 
Ta=y Tb(S2)"G(S2)dQ 
b Eq. 4- 3 
The effects of Cosmic, Galactic and Solar noise can be considered to be negligible and the main 
contribution to the measurement noise floor therefore comes from the Earth's temperature, 
which can be considered to be approximately 290 K (-174 dBm/Hz) [I 11,143]. This is 
however an approximation which can vary considerably depending on what actually lies in the 
satellite's field-of-view. 
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4.3.1.4 Actual noise floor, minimum detectable interference level 
The minimum interference level able to be detected by the satellite is in fact governed by the 
physical implementation of the receiver, and the receiver noise floor. In-orbit measurements 
performed as the satellites transit the quiet "Oceanic" regions of the world allow an estimate of 
receiver noise floor to be obtained. The figure for each of the receivers is given below. 
Measurement noise floor 
Satellite Noise floor 
HealthSAT-II receiver one -158 dBm / Hz 
HealthSAT-II receiver two -159 dBm / Hz 
FASat-Bravo agile receiver one -168 dBm / Hz 
Table 4-7. Measurement noise floor 
4.3.1.5 Waterfall plots 
While examination of the time varying nature of one or two channels is possible, as the number 
of channels increases it becomes progressively more difficult. Analysing the results using a 
"Waterfall plot" allows channel or frequency usage to be examined over a greater number of 
channels. Figure 4-16 shows an example waterfall plot. The diagram shows frequency or 
channel along the z-axis, time along the x-axis, and the colour corresponds to the received 
signal strength calibrated into units of dBm/Hz. 
Key 
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-146 -3 -143 dBm/Hz 
-143 4 -140 dBm/Hz 
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-131 - -128 dBm/Hz 
-128 4 -125 dBm/Hz 
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-122 4 -119 dBm/Hz 
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-116 -* -l l3 dBm/Hz 
113 - -1 10 dBm/Hz 
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Figure 4-16. Example waterfall plot 
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4.3.1.6 Limitations of the simple analysis 
While the simple analysis provides valuable information as to the time varying nature of the 
interference environment, interference types and correlation between channels, these results 
have a number of limitations. 
Because of restrictions on the amount of data the satellite can generate and process, the 
sampling rate and scan interval selected are low, compared to the typical data rates of the 
interfering signals. This limits the amount of temporal and statistical information that can 
be obtained from the interfering signal. 
- Simple analysis highlights the time varying features. The technique does not, however, 
easily convey the geographic variations or statistical nature of the interference 
environment. To examine these properties, other analysis techniques need to be used. 
4.3.2 Geographical analysis 
From the simple analysis, frequency usage or interference environment can be seen to have a 
defined structure, as shown in Figure 4-17. It is believed from these results that interference 
levels are correlated with geographical location, interference occurring over populated regions 
and no interference over the oceanic regions of the world. 
Interference 
-60 
-8o 
CIO -100 00 
04 
-120 Time (Secs) 
Key : No interference 
Interference 
-- Receiver one 
------ Receiver two 
Figure 4-17. Simple analysis (geographical structure) 
As the time of each measurement is known, the data can be post-processed and the satellite's 
position determined. This provides additional information, allowing the geographic nature of 
the environment to be determined. The diagram and table shown in Figure 4-18 and Table 4-8, 
show how interference levels vary with geographical location. 
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l 
Geojranhic structure 
Points Interference Region Observations 
1-42 No Polar & Oceanic No real population within region 
2-3 Low Alaska Skimming pass over region 
3-4 Yes Russia & Africa Heavily populated region 
445 No Polar & Oceanic No real population within region 
5 46 Yes Russia & Europe Heavily populated region 
647 No Polar No real population within region 
748 Yes Polar Communications on RX 1 
849 No Polar & Oceanic No real population within region 
94A Yes Australasia Skimming pass over region 
A -4 B No Oceanic No real population within region 
Table 4-8. Geographic structure 
To examine the geographical variations in interference environment, the measurements are 
equated to the satellite position and the results displayed on an unprojected map of the Earth's 
surface. Two techniques have been used, sub-satellite point attribution and geographical 
averaging. 
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4.3.2.1 Sub-satellite point attribution 
The simplest method for examining the geographic structure of the interference environment is 
to perform sub-satellite point attribution, allocating each of the measurements to the sub- 
satellite position of the spacecraft at that particular instant. 
r 
rf 
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1 
ýt 
1t 
Satellite 
Field of view 
Figure 4-19. Sub satellite point attribution 
The results can be displayed on an unprojected map of the Earth's surface, using the technique 
illustrated in Figure 4-20. 
Statistics 
mean= Pn 
n 
U 
A dBm/Hz -B dBm/Hz . 
B dBm/Hz -C dBm/Hz 
dBm/Hz-bdB 
dBm/Hz- E dBm/Hz 
dSm/Hz -F dBm/Hz 
I 
dBm/Hz -& dBm/Hz 
(A) Divide into 10 x 10 bins, (B) Calculate statistics, (C) Colour map results, (D) Display on unprojected map. 
Figure 4-20. Earth divided into a number of bins 
The figure show overleaf, shows the mean interference level for both the HealthSAT-II receiver 
frequencies. The interference environment has a defined structure, correlated with the heavily 
populated, industrialised regions of the world, the levels of which vary substantially with 
geographical location and frequency. In the example, channel two has a lower interference 
level than channel one over South America, South Africa and Australia, while channel one has 
a lower level than channel two over Europe. This confirms the premise that frequency usage or 
interference environment varies with geographical location. 
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(A) Receiver One : 149.825 MHz (B) Receiver Two : 149.875 MHz 
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Figure 4-21. HealthSAT-ll mean signal strength 
Many of the patches of interference shown in Figure 4-21 closely resemble that of the satellite 
footprint for a particular geographical location. This is an artefact of the analysis technique, 
and occurs because of the way in which the in-orbit measurement is attributed to the sub- 
satellite position, and highlights interference sources that originate from a single geographic 
location. A good example of this is high-level interference source located in Sydney, Australia 
Figure 4-21B. 
The microsatellites used during this research programme were not specifically designed to 
perform in-orbit measurements, and were designed for providing store and forward 
communications. The receiver antenna gain pattern has therefore been optimised for the 
communications application, and is designed to minimise the effects of free space loss across 
the footprint of the satellite. As a result, the satellite receives signals originating from 
anywhere within its footprint. 
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Figure 4-22. Interference source diagram 
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The satellite will therefore receive signals from an interfering transmitter whenever the 
transmitter falls within the field-of-view of the satellite, or given an interfering transmitter, the 
satellite will receive its signal whenever the sub-satellite point falls within the interfering 
transmitter's field-of-view, as illustrated in Figure 4-23. 
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Figure 4-23. Interference source diagram 
Attributing the in-orbit measurement to the sub-satellite position therefore provides a simple 
approximation, but distorts the true location of the interfering signal. 
4.3.2.2 Geographical averaging 
Another method for analysing the measurements is to perform geographic averaging on the data 
set. Instead of attributing the received signal strength measurement to the sub-satellite point for 
any given instant, the measurement can be attributed across the entire footprint of the satellite, 
as illustrated in Figure 4-24. 
Time : Level (dBm/Hz) 
Satellite Pass 
T 114 iEii. H: " 
T, - 122 dBm/Hze 
T- - It8 dem Hz Calculate Sub-Satellite Position 
TF ~- 116 dBm/Hz 0- (Latitude & Longitude) 
T.: _ 120 dPtr,; H: 0 
Time : TF = 5SP : 50 N 4'W 
T 122 dam/Hz 
T. - 11 F jRm%Hr " 
Calculate Satellite Footprint 
Attribute level 
to entire footprint -- f 
Figure 4-24. Geographical averaging 
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This technique removes the assumption that the signal strength measurement corresponds with 
the sub-satellite point, and instead takes the premise that the interference is equally likely to 
have originated from anywhere within the satellite's field-of-view. The technique makes a 
number of assumptions about the attitude and antenna pattern of the spacecraft. The satellite is 
assumed to have ideal attitude control, and the antenna pattern is assumed to have equal gain 
over the entire footprint, although imperfections in the antenna pattern can be accommodated if 
known. 
The technique is computationally intensive, and can be approximated with similar results by 
performing two-dimensional spatial deconvolution on the sub-satellite point attributed data set 
and the footprint of the satellite. The result, Figure 4-25, shows how this technique can be used 
to `pinpoint' the geographical location of some interference sources. Figure 4-25A shows how 
a single high-level pager signal can be seen as the FASat-Bravo microsatellite transits the 
European region. Figure 4-25B pinpoints the location of the interference source to Spain. 
(A) Sub-satellite point attribution 
FASat-Bravo 148.620 MHz 
Key : As per Figure 4-21 
Figure 4-25. Geographic averaging, location identification 
4.3.2.3 Limitations of the geographic analysis 
Analysis of the in-orbit measurements in this way provides a valuable insight into the 
geographic nature of the global interference environment, showing how interference levels vary 
with geographical location, and allowing the location of single dominant interference sources to 
be identified. While these techniques provide valuable results, there are however a number of 
limitations. 
- The techniques do not permit statistical and temporal properties to 
be obtained from the 
measurements, and as such need to be used in conjunction with other analysis methods. 
- The use of geographic averaging to pinpoint the 
location of interference sources is only 
applicable to single dominant interferer, and can not be applied when multiple sources 
appear in close proximity. It is believed that pattern matching could be employed to co- 
locate closely positioned interference sources. This is discussed in the future work section 
of chapter eight. 
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4.3.3 Statistical analysis 
While the simple and geographic analysis provide valuable information on the time varying and 
geographical nature of the interference environment, it is also important to examine the 
statistical nature of the environment and the interfering signals. 
4.3.3.1 Terminology and definitions 
Prior to examining the statistical analysis of the in-orbit measurements it is important to clarify 
a number of terms and definitions. 
Scan `S' 
A single scan `S' consists of measurements obtained from `N' different channels 'Co' to `Cv', 
as illustrated in Figure 4-26. In the case of the HealthSAT-II measurement campaign, the scan 
length can be considered to be of a fixed length and consist of two channels, while the 
FASat-Bravo scan length is a variable and depends on the range of frequencies over which the 
measurements are performed. 
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Figure 4-26. Terminology 
Cr4.: Cr-i CN 
Statistics 
It is often useful to examine the statistical properties of a particular channel or scan. 
The 
parameters normally examined are the minimum, maximum, mean and geometric mean 
levels. 
The diagram overleaf, Figure 4-27, shows the statistical parameters for a single scan. 
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Figure 4-27. Statistical definitions 
Minimum level 
The minimum channel or scan level `Min', is defined as the lowest level signal in a particular 
channel `Cn' or scan `S' over a given period of time. The minimum detectable signal level will 
be constrained by the noise floor of the satellite's receiver equipment. 
Maximum level 
The maximum channel or scan level `Max', is defined as the highest measured signal level 
within a particular channel 'Cn' or scan `S' within a given period of time. 
Mean 
The mean level `, u' of a `N' channel scan `S' is defined by 
il 
µ=10"log 
N Cn 
10 10 
n= 1 Eq. 4- 4 
where `Cn' is the signal level of the nth channel in decibels, or units of dBm/Hz. The equation 
converts the measurements into units of power (Watts), calculates the mean and then performs 
the conversion back into decibels. 
Geometric mean 
The mean scan level `, u' can be dominated by a single high-level signal, as illustrated 
in 
Figure 4-27, and can therefore provide an overly pessimistic impression of the interference 
environment. To overcome this it is often convenient to examine the geometric mean of the 
scan. 
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The geometric mean `y of a `N' channel scan `S', is defined by 
N 
1 
Y=N' Cn 
n=1 
Eq. 4- 5 
where 'Cn' is the signal level of the nth channel in decibels, or units of dBnVHz. 
4.3.3.2 Scan statistics 
When measurements are performed over more than one frequency or signal strength surveys 
scans are performed over multiple channels then scan statistics and channel occupancy 
information can be obtained. 
Channel occupancy analysis 
Examining the mean `, u', minimum `min' and maximum `max' signal levels for each channel 
`Cn' within a scan `S' over a given period of time, provides valuable channel occupancy or 
traffic loading information. Since frequency usage varies considerably throughout the world, 
analysis is only performed on a limited data set, restricted to only those scans performed as the 
satellite transits a particular geographical location. 
The channel occupancy graph shown below is from the regional measurement campaign 
performed during January 1999 using the FASat-Bravo microsatellite. Measurements were 
performed from 148 MHz to 150 MHz, on all passes of the satellite across the European region. 
Channel Occupancy : European Region 
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Figure 4-28. Channel occupancy : maximum and mean channel signal levels 
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Examination of the measurements in this manner allows valuable channel occupancy or traffic 
loading information to be obtained. Figure 4-28 shows the presence of four high level pager 
signals and an even distribution of lower level public mobile radio signals. This corresponds 
with what the band is reportedly used for within the European region [27,861. 
Statistical distributions 
Additional information can also be obtained if the distribution of signal strengths and mean 
channel level are examined. 
Mean scan level distribution 
The mean scan level distribution is obtained by calculating the mean level ", u" for each scan 
"S" over a given time period, and plotting the cumulative distribution. Figure 4-29 shows the 
mean scan level distribution for the European region in two frequency bands, from 148 MHz to 
149 MHz and from 149 MHz to 150 MHz. 
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Figure 4-29. Statistical distributions : mean scan level 
This allows the mean interference levels within the two frequency bands to be compared and 
qualitative figures to be obtained. Table 4-9, shown below, provides comparative figures for 
the 50% mean scan level and 90% mean scan level within each of the frequency bands. The 
mean interference level within the 148 MHz to 149 MHz band is worse than the 149 MHz to 
150 MHz band. 
Mean scan level distributiot 
Mean scan level 148 - 149 MHz 
Mean scan level (50%) -140 dBm / Hz 
Mean scan level (90%) -132.5 dBm / Hz 
Table 4-9. Mean scan level distribution analysis 
-145dBm/Hz 
-141 dBm/Hz 
analysis 
149 - 150 MHz 
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Signal strength distribution 
The signal strength distribution is obtained by examining the signal levels for each channel 
"Cn" within each scan "S" over a given period of time, and plotting a cumulative distribution. 
Figure 4-30 shows the signal strength distribution within the 148 MHz to 149 MHz and 
149 MHz to 150 MHz bands as the satellite transited the European region. 
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Figure 4-30. Statistical distributions : signal strength 
Examining the two distributions provides valuable information relating to the channel 
occupancy and expected signal levels within the two frequency bands of interest. From Figure 
4-30, the channel occupancy or interference environment within the 148 MHz to 149 MHz band 
is higher than that of the 149 MHz to 150 MHz band, and the maximum signal levels within the 
148 MHz to 149 MHz band are higher than that of the 149 MHz to 150 MHz band. A summary 
of these results is provided in Table 4-10. 
Signal level distribution 
Signal level 148 - 149 MHz 
Maximum level -111 dBm / Hz 
50% level -146.8 dBm/Hz -154.5 
dBm / Hz 
Table 4-10. Signal level distribution analysis 
149 - 150 MHz 
-113dBm/Hz 
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Channel statistics 
Analysis of the statistical nature of a single channel or frequency is also of significant 
importance, especially in the design of a fixed frequency communications system. As with the 
scan statistics, a number of statistical properties for a particular channel or frequency can be 
extracted from the measurements, including the distribution of signal strength, and the mean, 
minimum and maximum signal levels. 
Signal strength distribution 
The channel signal strength distribution is obtained by plotting the cumulative distribution of 
signal levels for a single channel 'Cn' over a given period of time. Figure 4-31, shows the 
distribution for the 148.090 MHz channel on day and night time passes over the European 
region. 
Channel level distribution (148.090 MHz) 
100 
90 
80 
0 °... 70 j 
rn 60 
50 
v 40 
1w 30 a- 
20 Day % 
10 Night % 
0 
o in 0 in 0 in oý} in 0 1n 0 LO 0 LO o N `1 
x-'1° 
`-'-'10 LO n 10- 11, m 
emi 
~ 1-40 0 
Signal Level (dBm/Hz) 
Figure 4-3 1. Channel signal level distributions : 148.090 MHz 
While this figure shows the distribution of signal levels within the 148.090 MHz channel, over 
a given period of time, it demonstrates that interference levels vary with time, and that in this 
instance the night time interference level is lower than that of the day. 
Channel statistics, mean, minimum, and maximum. 
Examination of the channel signal strength distribution allows key statistical parameters to be 
obtained, allowing comparison between different channels, locations or time periods. The 
parameters also provide vital information for link-budget and communication system analysis. 
The example given in Table 4-11 compares the statistical properties for the day and night time 
period for the 148.090 MHz channel, demonstrating the time varying nature of the environment. 
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Channel statistics 148.090 MHz 
Description Day Night 
-166dBm/Hz -166dBm/Hz 
-131 dBm/Hz 
Minimum Level 
Mean Level 
Maximum Level 
10 % Level 
50 % Level 
90 % Level 
-116dBm/Hz 
-157 dBm / Hz 
-138 dBm / Hz 
-120dBm/Hz 
-162dBm/Hz 
-142dBm/Hz 
-126dBm/Hz 
Table 4-11. Channel statistics 
4.3.3.3 Limitations of the statistical analysis 
-146 dBm / Hz 
-136dBm/Hz 
Statistical analysis of the measurements provides valuable information about the channel 
occupancy or interference environment across a range of frequencies or for a single channel. 
The technique allows the geographic, time and frequency varying nature of the environment to 
be examined, and provides quantitative results that can be used for a range of applications. As 
with other analysis techniques however, the statistical analysis performed during this research 
campaign suffers from a number of limitations. 
The majority of the limitations are due to the design and operation of the measurement payload. 
Low sampling rate, high measurement bandwidth and receiver noise floor all constrain the 
measurements, and therefore limit the channel occupancy and statistical analysis. 
- The low scan or telemetry channel sampling rate limits the ability of the measurement 
payload to detect quickly changing signals or interference sources, such as over the horizon 
radar, or to provide detailed temporal information for each of the interfering signals. 
- The measurement bandwidth of the receiver also 
has a significant effect on the analysis. 
Many of the interfering signals for example have a signal bandwidth lower than that of the 
measurement bandwidth. This removes the ability of the analysis to identify each 
individual interfering signal, since multiple interfering signals could occur within the 
measurement bandwidth of the payload. 
- The noise floor of the measurement payload also 
limits the ability to detect and identify low 
level interfering signals. 
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Another limitation that stems from the use of a low Earth orbit satellite for performing 
measurements of the interference environment, is the orbital motion of the satellite and in 
particular the time it takes to revisit a particular geographical location. The statistical 
confidence of a particular result is dependent on the number of measurements used in its 
calculation. To achieve statistically confident results therefore, it is desirable to have a large 
number of measurements. This may require the measurement campaign to run over a number 
of months. 
4.4 Summary 
This chapter has discussed a number of techniques that can be used in the analysis of data 
obtained from the in-orbit measurement campaigns. Using a simple measurement of the 
received signal strength and the analysis techniques presented in this chapter, information can 
be obtained on the global and regional frequency usage, channel occupancy or interference 
environment across the frequency band. 
Performing simple analysis on the data, section 4.3.1 allows the time varying characteristics of 
the environment to be examined, identifying types of interference, and possible correlation 
between channels. Mapping the measurements to the satellite position, as described in section 
4.3.2, provides information relating to the geographic nature of the interference, and shows how 
levels vary across the world, identifying potential `hot-spots', areas where interference can 
cause significant degradation. Further analysis of the geographic results, using two- 
dimensional deconvolution with the satellite antenna pattern, allows the location of dominant 
interferers to be pinpointed. Finally, statistical analysis of the data, section 4.3.3, allows 
qualitative figures to be obtained, which can be used in the comparison of environments or in 
practical applications such as link budget analysis. 
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5 Results 
This chapter presents some of the more significant results from the measurement and analysis 
of the VHF band interference environment, performed during the course of this research 
programme. The results verify the belief that interference can be a significant cause of 
degradation for communication systems operating within this band, and show categorically that 
interference levels vary with geographical location, frequency and time. 
5.1 Hypothesis verification 
The basic premise from which this research originated is that interference is a significant cause 
of degradation to communications systems operating within this environment, and that 
interference levels vary with geographical location, frequency and time. Based on these 
fundamental hypotheses, it was believed that exploitation of the characteristics of this 
environment would lead to an interference avoidance strategy suitable for use by the Surrey 
store and forward communications payload. 
The first stage of this research programme has therefore been to verify the following four 
hypotheses, that: 
1. Interference is a significant cause of degradation. 
2. Interference levels vary with geographical location. 
3. Interference levels vary with time. 
4. Interference levels vary with frequency. 
5.1.1 Interference can be a significant cause of degradation 
The practical experience gained from over fourteen years of operations of the Surrey 
microsatellites has led to the belief that interference is a significant cause of degradation within 
this frequency band. While free space loss link budgets look optimistic, the reality is often 
somewhat different, with the communications channel being blocked for prolonged periods of 
time. 
5.1.1.1 Erroneous packet measurements 
To demonstrate that interference causes degradation to the satellite uplink, an experimental 
measurement campaign was undertaken using one of the Surrey microsatellites, to examine 
the 
uplink packet throughput. 
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The Guildford groundstation was configured to transmit a continuous stream of small 
sequentially numbered packets to the satellite. A program was then run on the satellite which 
received the packets and stored the number of each missing packet into a file. The file was then 
downloaded later for analysis. 
Satellite # 
Gui Idford 
groundstation 
Degradation 
Received packet sequence 
4 
Satellite records 
missing packet numbers 
for downloading later 
to the groundstation. 
ýPý I P, P; P, P. I P, P, I PI P_ P_IP_ Pv 
Transmitted packet sequence 
Figure 5-1. Packet throughput measurement 
The experiment was performed on a limited number of passes of the Thai-Phutt satellite over 
the Guildford groundstation, a number of results from which are shown below. On the first 
pass, Figure 5-2, propagation conditions were favourable, and with the exception of a few lost 
packets at the beginning and end of the pass, no interference was experienced. On the second 
pass, Figure 5-3, interference occurred, resulting in a large number of lost packets, rendering 
the channel unusable for a large period of the pass. 
Good packets 
Bad packets }. "m " 
M 4- 
Time 
Figure 5-2. Uplink packet throughput : pass one 
Good packets 
Bad packets 
M 
""N Mt 
Time 
Figure 5-3. Uplink packet throughput : pass two 
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5.1.1.2 Link analysis 
The potential for interference can also be shown by refining the link budget analysis to include 
real data, examining the theoretical `wanted' transmitted signal level, against the `unwanted' 
interference level, obtained from the in-orbit measurements. 
Satellite 
Wanted Signal 
(IPWANTED) ' 
Unwanted Interfering Signal 
(RIPw1) 
Free space and 
atmospheric losses 
Wanted Signal 
(EIRPT,, ) 
Figure 5-4. Modified link budget analysis 
The `wanted' received isotropic power at the satellite 'RIP,,,, -,, 
', is dependent on the 
characteristics of the ground terminal being used `EIRP, x', the free space `FSL' and other 
atmospheric losses `LA'. The transmitter EIRP, `EIRPt' is given by 
EIRPTX=Pt - Lt+Gt Eq. 4- 1 
where `Pr' is the transmitter power in dBW, `Lt' are the transmitter losses, and `G, ' is the 
antenna gain. Two examples are used throughout this analysis, the first a high power tracking 
groundstation, and the second a low power user terminal. The parameters for each of these 
groundstations are provided in the table below. 
Description 
Groundstation parameters 
Symbol Tracking 
roundstation 
Low power 
terminal 
Units 
Transmitter Power Pt 180 40 Watts 
Transmitter Losses Lt 4 1 dB 
Transmitter Antenna Gain G, 12 3 dBi 
Transmitter EIRP EIRPTX 30.55 18.021 dBW 
Table 5-1. Groundstation paramaters 
'ett Page 99 of 223 Results 
VHF band interference measurement, analysis and avoidance 
The free space loss `FSL' for a satellite at a given altitude `h', elevation angle `9' and operating 
at a frequency of `Freq' MHz, is given by 
FSL(O) = 32.45 -- 20-log 'R E-hj2 RE" cos (9) RE sir(8) - 20. log(Freq ) 
- Eq. 4- 2 
where 'RE' is the Earth's radius equal to 6378.14 km. A satellite in an 800km orbit, operating 
at 149.875 MHz, has a free space loss that varies between 134 dB and 146 dB, depending on 
the elevation angle `9'. The table below summarises the transmission losses through the 
communications channel. 
Transmission losses. 
Description Symbol Value Units 
Free space loss FSL 134 - 146 dB 
Polarisation losses Lp 3 dB 
Atmospheric losses L 0.5 dB 
Table 5-2. Transmission losses 
The `wanted' signal level can therefore be calculated, given the elevation angle between the 
groundstation and the satellite `9'. 
RIPWANTED EIRPTX ; FSL(O) 1- La Lp Eq. 4- 3 
The satellite receives both the `wanted' signal `RIPWANTED , and the 
`unwanted' interference 
signal `RIP,,,,, '. The performance of the communications system in the presence of co-channel 
interference is dependent on the modulation scheme used. In the case of the Surrey 
microsatellites, the modulation scheme used is shaped frequency shift keying 'SFSK'. A type 
of frequency modulation, this scheme is ideally suited for operations in this environment. The 
co-channel interference level above which this modulation scheme works has been measured 
experimentally [ 1711, and can be defined as 
'' WANTED 
(ThresholO=RIPINT 6 dB Eq. 4- 4 
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To demonstrate the effects of interference, analysis of the HealthSAT-II January 1998 data set 
has been performed for three geographical locations, Cape Town, South Africa; Guildford, 
England; and Sydney, Australia. The diagram below, shows the signal strength cumulative 
distribution curves for both frequencies at each geographical location. 
Signal level cumulative distribution 
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Figure 5-5. HealthSAT-ll signal strength cumulative distribution (January 1998) 
A summary of the mean and maximum signal level for each geographical location is given in 
the table below. 
In-orbit measured signal levels 
L. Ocation measurement Y. ozi lv]ný i ty. o/J IV]"- vrcd: J 
Cape Town, Africa Mean signal level -93.5 -96.0 dBm 
Cape Town, Africa Maximum signal level -72.5 -77.8 dBm 
Guildford, England Mean signal level -90.1 -88.8 dBm 
Guildford, England Maximum signal level -70.6 -68.5 dBm 
Sydney, Australia Mean signal level -74.1 i -78.2 dBm 
Sydney, Australia Maximum signal level -67.3 -67.6 dBm 
Table 5-3. Measured signal levels (January 1998) 
Figure 5-6 shows the received signal level for both the tracking groundstation and low power 
ground terminal, compared with the mean and maximum interference 
levels for each 
geographical location. 
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These results show that the mean and maximum interference level experienced at some 
geographical locations, such as Sydney, Australia are sufficiently high to cause a problem for 
both the high power tracking groundstation and low power ground terminal. 
Comparative link analysis 
(received signal level and interference level) 
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Interference signal level Sydney (149.875 MHz) 
Figure 5-6. Link analysis 
The interference level tends to vary significantly during a single pass, as illustrated by the 
diagram below, rendering the channel unusable for prolonged periods of time. In this example, 
communications would be possible between the satellite and the tracking groundstation, with 
minimal interference. However, communications between the low power ground terminal and 
the satellite would almost certainly be impossible during the majority of the pass. 
Example satellite pass 
Guildford, England (15th January 1998) 
Co 
C 
C 
o1 
lf) 
Time (GMT) 
Theoretical signal level 
Tracking ground station 
Theoretical sional level : 
Low power ground term ina 
Measured signal level 
149.875 MHz 
Figure 5-7. Example satellite pass, and theoretical estimations 
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It is difficult using the figures for mean and maximum interference level to obtain quantitative 
results for the interference environment. Examining the cumulative distribution curves shown 
in Figure 5-5, it is possible to estimate the amount of time the groundstation signal level 
exceeds the interference level. To do this, two thresholds are defined: 
T'hresholdlower (dBm) =f EIRPTX - 
(FSL(Odeg) + La + Lp) I- CCI 
Thresholdpper (dBm)=, 
` 
EIRPTX FSL(90"deg) - La LP CCI u 
Eq. 4- 5 
Eq. 4- 6 
where 'CCI' is the co-channel interference threshold, which for the modulation scheme used on 
the Surrey microsatellites is equal to 6 dB. To convert the threshold level into units of dBm/Hz 
the noise equivalent bandwidth 'BW' of the receiver filter is required. 
dBm/Hz = dBm - 10log(BW) Eq. 4- 7 
The table below provides an estimate of the percentage of time the groundstation transmitted 
signal level exceeds the interference level, for the groundstation, frequency and geographic 
location of interest. 
Summ of results : Percentage of time interference is less than threshold 
Tracking groundstation Low power grouna terminal 
Location & Frequency low threshold High threshold Low threshold High threshol : 
-95 dBm -83 dBm -108 dBm -96 dBm 
(-137 dBm/Hz) (-125 dBm/Hz) (-150 dBm/Hz) (-138 dBm/Hz) 
Cape Town, 149.825 MHz 85.1 % 99.2 % 60.8 % 87.0 % 
Cape Town, 149.875 MHz 89.7 % 97.5 % 81.3 % 90.3 % 
Guildford, 149.825 MHz 68.8 % 96.4% 21.1 % 72.4% 
Guildford, 149.875 MHz 49.1 % 96.3 % 13.9 % 53.6 % 
Sydney, 149.825 MHz 26.1 % 40.8% 17.00% 27.1 % 
Sydney, 149.875 MHz 44.9 % 64.0 % 28.3 % 46.2 % 
Table 5-4. Summary of results (January 1998) 
The results show for example that in Cape Town, operating at 149.875 MHz, the signal 
level 
generated by a low power ground terminal would exceed the interference 
for more than 81.3 % 
of the time. They also show that the high level interference environment experienced 
in 
Sydney, at 149.825 MHz, would limit the amount of operations using a tracking groundstation, 
to approximately 26.1 % of the time. 
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5.1.2 Inteference levels vary with geographical location 
From practical experience it has been found that interference levels vary considerably with 
geographical location. The HealthSAT-H users for example, manage to operate relatively low 
power user terminals in parts of Africa with minimal amounts of degradation, while a similar 
specification terminal operated from within the United Kingdom is unable to access the satellite 
for long periods of time. 
The ability of the Surrey microsatellites to perform global in-orbit measurements has allowed 
the geographic structure of the interference environment to be examined, providing the first 
ever results showing how frequency usage or interference environment varies throughout the 
world. The geographical structure of the interference environment becomes evident when 
geographic analysis is performed on the measurements, and the results are presented on an 
unprojected map of the Earth's surface. Figure 5-8 shows the geometric mean of the 149.825 
MHz channel, during the period from October 1997 until September 1998. 
Key 
Low interference level ----------------------------- High interference level 
Figure 5-8. Geographic variation example [HSII 9798 GMEAN] 
The figure shows that signal level intensity or interference level, depicted by the different 
colours, varies significantly with geographical location and has a well-defined structure. Some 
of these structural features are illustrated in Figure 5-9. 
Low interference 
scarcely populated regions Industrialised regions of the world 
2 
High level interference 
Densely populated regions 
"Geographic Hot Spots" 
No interference 
Unpopulated oceanic 
regions of the world 
Figure 5-9. Geographic structure 
n Paffett 
Page 104 of 223 Results 
VHF band interference measurement, analysis and avoidance 
The extent to which the interference level varies can also be illustrated by comparing the signal 
level distributions for a number of different geographical locations. Figure 5-10 shows for a 
single frequency, the variation in signal levels for three different locations, Cape Town, 
Guildford and Sydney. 
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Figure 5-10. Signal level distributions : HSII Rx1,1997-1998 
Examining the signal level distributions shown above, and the summary of results presented in 
Table 5-5, it can be seen that the signal levels measured as the satellite transits Sydney are 
substantially higher than those encountered over Guildford and Cape Town. For a signal level 
threshold of -140 dBm/Hz for example, 80% of the Sydney measurements, 49% of the 
Guildford measurements and only 20 % of the Cape Town measurements, were found to be 
above the threshold level. 
Ai'v 
Cape Town Guildford Jyaney units 
Minimum -161.0 -159.5 -159.3 
dBm/Hz 
Maximum -112.7 -111.5 -109.4 
dBm/Hz 
Mean -140.6 -132.9 -116.0 
dBm/Hz 
-151.0 Geometric mean -141.8 -124.6 
dB m/Hz 
10% -158.9 -154.8 -156.9 
dBm/Hz 
50% -157.6 140.3 -119.0 
dBm/Hz 
90% -134.3 -128.5 -112.1 
dB nVHz 
Table 5-5. Interference level variations with geographic region 
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5.1.3 Interference levels vary with time 
Since many of the terrestrial systems currently operating within this frequency band have a 
traffic load that varies with time of day [72], one would expect the in-orbit measurements to 
exhibit a similar characteristic. 
Low interference level ---------------------------------------------- High interference level 
Figure 5-11. Time variation : geographic structure 
Figure 5-11 shows the geographical variation in geometric mean level, for one of the 
HealthSAT-II frequencies during the day and night time periods. The figure shows that for 
some geographical locations, America, Africa, and Australia for example, the interference level 
varies significantly between the two periods, higher signal levels being present during the day 
time, and lower levels at night. 
The extent to which the interference levels vary changes with geographic location and is 
dependent on the type of system using the frequency within a particular region. In South 
Australia for example, this frequency is used primarily by high power pager systems [ 12]. The 
pager has a higher traffic loading during the day, which can be seen by examining the signal 
level distributions shown in Figure 5-12. Picking an arbitrary threshold level of -130 dBm/Hz 
for example, helps to illustrate this variation. During the day at 149.825 MHz, 93% of the 
measurements are above the threshold level, while at night 53% of the measurements are below. 
Table 5-6 summarises the results presented in Figure 5-12 and shows the differences between 
the two periods for each of the frequencies. These results demonstrate how the environment 
can dramatically change, depending on the time of day. 
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Figure 5-12. Time variation : statistical distribution 
Time varying nature : Sydney, Australia 1996 -1997 
RX 1.149.825 MHz RX2 : 149.875 MHz 
Day Night d Day Night d Units 
Minimum -160.5 -161.2 0.7 -160.4 -160.5 0.1 dBm/Hz 
Maximum -110.0 -109.5 1 -0.5 -110.2 -109.7 -0.5 dBm/Hz 
Mean -118.6 -125.2 6.6 -122.2 -129.6 7.4 dBm/Hz 
Geometric mean -118.2 -134.4 16.2 -126.4 -145.2 18.8 dB m/Hz 
10% -126.5 -158.6 32.1 -147.6 -158.6 11 dBm/Hz , 
50% -115.5 -131.2 15.7 -121.8 -150.6 28.8 dBm/Hz 
90% -112.5 -116.7 4.2 -114.5 -122.5 8.0 dBm/Hz 
Table 5-6. Time variation summary: Sydney, Australia 1996 - 1997 
5.1.4 Interference levels vary with frequency 
Performing measurements across a band of frequencies, such as the Little-LEO VHF band, 
allows channel occupancy or frequency usage to be analysed. The results show that within a 
given geographical region, frequency usage can vary considerably. The potential for 
interference to a system operating within the band is therefore dependent on the frequency of 
operation. 
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The diagram below shows the mean signal level in each 15 kHz channel, across the frequency 
band 147.925 MHz to 150.000 MHz, for the region of Sydney, Australia. The diagram shows 
the presence of a number of high level signals, spread across the band, and a variation in signal 
level of approximately 35dB between the highest and lowest level channels. 
Channel mean signal level [Sydney] 
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Figure 5-13. Channel Occupancy, Sydney Australia 
The variation can be significant, and is further illustrated by comparing signal strength 
distributions, an example of which can be seen in Figure 5-14. The figure shows the signal 
strength distributions for two channels. The first channel is located at 149.835 MHz and is the 
source of interference responsible for the degradation caused to the HealthSAT-II Receiver One 
channel over the Australian region, and the second channel is located at 149.925 MHz, 100 kHz 
higher than the existing HealthSAT-II allocation. 
Signal distributions : Sydney, Australia 
100 - .. - -- _. -- ---------------- 
90 "" 
80 
70 
v 60 ," 
C 50 
40 
30 
20 : 
149.835 
" 
10 ----"149.925 
0oo 
in 0 ºn In 0 in 0o in 0 in MMNN LO It . 
^ý %0 ý-a 
-4 . 
ý-. 
-. ý . --i . -r 
"--I . -4 
Signal Level (dBm/Hz) 
Figure 5-14. Variation with frequency : signal strength distributions 
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Summary of results : Sydney, Australia 
Frequency Minimum Mean Maximum 10% 50% 90% Units 
149.835 MHz -166.5 -125.1 -117.9 -161.2 -127.6 -122.1 dBm/Hz 
149.925 MHz -165.1 -158.6 -133.9 -165.4 -163.4 -159.0 dBm/Hz 
Difference -1.4 33.5 16.0 4.2 35.8 36.9 dBm/Hz 
Table 5-7. Variation with frequency : summary 
The two channels have been chosen to show how important the selection of frequency can be, 
and how it can affect the performance of the communications system operating within this 
band. In the link analysis presented earlier, it was shown that interference limited 
communications time, and that when operating in Sydney on the HealthSAT-II Receiver One 
frequency, this could be as low as 17% of the time, for a low power ground terminal. 
Performing similar analysis on the example channels shown in the figure above, yields results 
summarised in 
Table 5-8, which clearly demonstrates that interference levels vary with frequency. 
Summary of results : Percentage of time interference is less than threshold 
Tracking groundstation Low power ground terminal 
Frequency Low threshold 
-137 dBm/Hz 
High threshold 
-125 dBm/Hz 
Low threshold T High threshold 
-150 dBm/Hz -138 dBm/Hz 
149.825 MHz 26.1 % 40.8% 17.0% 27.1 % 
149.835 MHz 27.9% 64.8% 14.6% 26.3% 
149.925 MHz 100.0% 100.0% 98.8% 99.9% 
Table 5-8. Interference threshold results 
These results show that, had the HealthSAT-II frequency been 100 kHz higher for example, 
then the communications environment within this region would have been significantly 
different, and communications would have been theoretically possible for more than 98% of the 
time. 
5.2 In-orbit measurements 
Originally it had been thought that the in-orbit measurement campaigns would simply provide 
sufficient information to demonstrate the dynamics of this communications environment, and 
generate a reference data set which could then be used 
in the development of an interference 
avoidance technique. It had at that time not been anticipated that the measurements and results 
would be of importance in their own right. 
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With the introduction of the `Little-LEO' frequency allocations, and a general drive by the 
regulatory bodies towards efficient utilisation of the radio spectrum, interest in this band has 
grown substantially. Spectrum sharing and system co-ordination studies are being performed 
throughout the world, but are limited by a lack of information. Consequently the measurements 
and results generated by this research programme have become of significant importance, and 
have been used in both the system design of a low Earth orbit satellite constellation [511, and 
internationally by the regulatory community [25,27,31]. 
A number of results obtained from the HealthSAT-II and FASat-Bravo measurement campaigns 
are presented in the following section. These results represent a limited subset of those 
generated, but illustrate the dynamic nature of the environment, and provide the reader with an 
insight into the problems faced by communications systems operating or proposing to operate 
within this frequency band. 
5.2.1 HealthSAT-II results 
The HealthSAT-II microsatellite has been used to perform measurements at two frequencies 
within the Little-LEO VHF frequency band. The first frequency is at 149.825 MHz, the second 
at 149.875 MHz. The measurement campaign began during September 1996, and has just 
completed its third year of measurements. While the measurements are limited to two 
frequencies within the band, they are nevertheless the first measurements to have shown how 
frequency usage, channel occupancy or interference environment vary with geographical 
location, frequency and time. 
5.2.1.1 Global interference environment results 
The results presented in Figure 5-15 to Figure 5-18 show the geographic variation in maximum, 
mean, geometric mean and minimum signal level, for both of the HealthSAT-II frequencies. 
The results have been calibrated in units of dBm/Hz, and are plotted onto an unprojected map 
of the Earth's surface. 
Figure 5-15 and Figure 5-16 show the channel statistics for each of the frequencies during the 
period from October 1996 until September 1997 and from October 1997 until September 1998. 
The figures clearly demonstrate that signal levels vary with geographical location, and that they 
have a definite structure, coinciding with the populated regions of the world, as would 
be 
expected. They show the presence of high levels of interference, shown 
in red, the level of 
which would cause significant degradation, and an absence of signals 
in the unpopulated 
oceanic regions, shown in blue. 
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Channel statistics October 1996 - September 1997 
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Figure 5-15. HealthSAT-ll global interference environment 1996 - 1997 
Key (dBm/Hz) 
-158 - -155 -146 -* -143 -134 4-131 -122 - -119 
-155--152 -143-4-140 -1314-128 -119-4-116 
2 -140 -ý -137 -128 -* -125 -1164-113 
-149 -146 -137 - -134 -125 -3 -122 -113 -3 -110 
No data > -110 dBm/Hz 
Table 5-9. Key : Global environment results 
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Channel statistics October 1997 - September 1998 
(E) RX1: Geometric mean signal level 
.Qd 
(G) RX1 : Minimum signal level (H) RX2 : Minimum signal level 
Figure 5-16. HealthSAT-Il global interference environment 1997 - 1998 
Key (dBm/Hz) 
-158- -155 -146-4-143 -1344-131 -1224-119 
-155 -152 -143 -* -140 -131 - -128 -119 -116 
-152 -149 -140 - -137 -128 
-* -125 -116-4 -113 
-149 -146 -137 4-134 -125 - -122 -113-4-110 
No data > -110 dBm/Hz 
Table 5-10. Key : Global environment results 
(F) RX2 : Geometric mean signal level 
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(C) RX1 : Mean signal level (b) RX2: Mean signal level 
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Time variation 149.825 MHz, October 1996 - September 1997 
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(A) RX1 : bay time maximum signal level (B) RX1: Night time maximum signal level 
(C) RX1: bay time mean signal level (b) RX1: Night time mean signal level 
(E) RX1 : bay time geometric mean signal level (F) RX1: Night time geometric mean signal level 
(G) RX1: Day time minimum signal level (H) RX1: Night time minimum signal level 
Figure 5-17. HealthSAT-ll receiver one : Signal level variation with time of day 
Ke (dBm/Hz) 
-158 -* -155 -146 4-143 -134 
-* -131 -122-) -119 
-155 -152 -143- -140 -131-9-128 -119-4 -116 
-152 -4-149 -140 
4 -137 -128 4 -125 -1164-113 
-1494-146 -1374-134 -1254-122 -1134-110 
No data > -110 dBm/Hz 
Table 5-11. Key : Global environment results 
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Time variation 149.875 MHz, October 1996 - September 1997 
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(C) RX2 : bay time mean signal level (b) RX2 : Night time mean signal level 
(E) RX2 : Day time geometric mean signal level (F) RX2 : Night time geometric mean signal level 
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(6) RX2: bay time minimum signal level (H) RX2: Night time minimum signal level 
Figure 5-18. HealthSAT-ll receiver two : Signal level variation with time of day 
Key (dBm/Hz) 
-158--155 -146--143 -134 -131 -122--119 
-155 -152 -143 -* -140 -131 - -128 -119 
- -116 
-152 - -149 -140 - -137 -128-4-125 -116 
- -113 
-149 4 -146 -137 -4-134 -125 - -122 -113 -ý -110 
No data > -110 dBm/Hz 
Table 5-12. Key : Global environment results 
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Comparing the results presented in Figure 5-15 and Figure 5-16 and looking for differences 
between the two, shows long term variation in the environment, and would highlight the 
introduction or departure of significant interference sources. These results show very little 
variation in the channel statistics between the two years, with the exception of a slight increase 
in the maximum signal level observed over the Australian region. It can therefore be concluded 
that the global usage of these two frequencies has not changed significantly during the course 
of the measurement campaign. 
The results presented in Figure 5-17 and Figure 5-18 show the geographic variation in channel 
statistics as a function of time of day, for the period from October 1996 until September 1997, 
for each of the frequencies. The results show the statistics for the day and night time periods, 
defined as 06: 00 - 18: 00 and 18: 00 - 06: 00 respectively. 
The maximum signal level results show very little variation between the two periods of the day, 
suggesting that the "peak" signal levels are the same during the day as they are at night. This 
would be expected, since it is only the traffic loading which is likely to vary with time, and not 
the transmission characteristics of the interfering signal. Examining the mean and geometric 
mean levels however, shows a variation between the two periods at some geographical 
locations. A good example of this can be seen in Figure 5-17. The figure shows a high mean 
and geometric mean level over the Australian region during the day, which is significantly 
lower at night. This leads one to believe that the interference environment varies significantly 
with the time of day at some geographic locations. 
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5.2.1.2 Regional interference environment results 
While the geographic analysis and the results presented in the previous section provide a good 
visual representation of the global communications environment and illustrate the geographic 
variation in conditions, statistical analysis of the environment at specific location provides more 
detailed and useful information. 
Analysis of the HealthSAT-II measurements has been performed over a number of geographical 
locations, the results from several of which are presented in this section. Four locations have 
been selected, illustrated in the diagram below, Figure 5-19. 
p7 
L6uildford, England 
ý4 
Beijing, Chino 
Sydney, Australia 
VO 
Cape Town, 
South Africa 
Figure 5-19. HealthSAT-Il regional analysis : geographical locations 
The locations have been carefully selected, as they each provide a good example of the type of 
environment in which a communications system may have to operate. The table below 
provides a summary of the location of each site. 
HealthSAT-II regional analysis, location details 
rrrrr n__: I ..... ai Locafw11 
Cape Town, South Africa 
II L) Regiert 
1 
LAALtLUue 
33.8° S 
ý. unýuuue 
18.467° E 8.0 m 
Guildford, England 1 51.0° N 1.0° W 75.0 m 
Beijing, China 3 39.917° N 116.383° E 183.0 m 
Sydney, Australia 3 33.917° S 151.283° E 12.0 m 
Table 5-13. Regional analysis geographical locations 
John Paffett Page 116 of 223 Results 
VHF band interference measurement, analysis and avoidance 
Examining the statistics and the distribution of signal levels seen as the satellite transits a 
particular geographical location provides valuable results which can be used for a number of 
applications, including link budget and system performance analysis. The results can also be 
used to show a number of properties, including geographic, temporal and frequency variations. 
For each geographic location results are presented for two periods, the first from October 1996 
until September 1997, and the second from October 1997 until September 1998. Figures 5-21 
to Figures 5-28 show the cumulative signal level distribution curve for each of the frequencies, 
and corresponding time periods, allowing analysis of the temporal and frequency variations to 
be performed. The statistical results for each of the curves are summarised in a corresponding 
table, providing quantitative figures for the maximum, mean, geometric mean, minimum, 10%, 
50% and 90% signal levels, the definition of which is illustrated in Figure 5-20. 
Signal Level Cumulative Distribution 
100 
90 
80 
70 
60 
50 
U 40 L 
30 
20 
10 
0 
90% level 
__ _ -_ý -------------- ----- -- 
----- ---------- - 
Mean Level 50% level 
Geometric mean Level 
Rc 
10% level 
Maximum Leve 
Operating regions 
"Low power" 
User ground terminal 
-170.00 -160.00 
Minimum Level 
-140.00 -130.00 -120.00 
Signal Level (dBm/Hz) 
-110.00 -100.00 
Figure 5-20. Explanation of signal strength cumulative distribution results 
A second table is presented which shows the percentage of time the measured signal level 
exceeds a given threshold. Again, in keeping with the analysis and results presented earlier in 
this chapter, section 5.1.1.2, two examples have been used, the first a high power tracking 
groundstation, and the second a low power user ground terminal. 
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Regional statistics: Cape Town, South Africa (October 1996 - September 1997) 
Cape Town (1996 - 1997) 
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Figure 5-21. HealthSAT-ll cumulative distributions : Cape Town, South Africa 1996 - 1997 
RXl . 149.825 MHz 
All Day y 
RX2: 149.875 MHz 
All Day ý--- ----ý Night Units 
Minimum -161.6 -161.6 -161.3 -161.1 -161.1 -161.0 dBm/Hz 
Maximum 
Mean 
-114.0 
-139.3 
-114.0 -114.8 -110.8 
-138.8 -139.8 -141.0 
-112.6 -110.8 
-141.0 
- 
-141.1 
dBm/Hz 
dBm/Hz 
Geometric mean -149.0 -148.1 
{ 
-149.9 -153.9 -152.3 -155.5 dBm/Hz 
10% -159.6 -159.5 -159.6 -159.0 -159.0 -159.0 dBm/Hz 
50% -153.5 -149.9 -157.9 -158.2 -157.7 -158.4 dBm/Hz 
90% -132.7 -132.1 -133.3 -137.2 -135.0 -144.4ý dBm/Hz 
Table 5-14. HealthSAT-ll Statistics : Cape Town, South Africa 1996 - 1997 
Probability of degradation : Cape Town 1996 - 1997 
DV7 .1 Al1 O'1C AA/7_ DV') 
14(1 O7G AA"_ 
Threshold 
. 
l\! >! 
All 
.1 I/. Vlr tI 
Day 
lllV 
Night 
"\>a. r 
All 
a"/. vi a. 
Day 
v 
Night 
Tracking Groundstation 18.6% 20.2% 17.0% 9.8 % 12.5 % 7.1 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 1.4 % 1.7 % 1.2 % 1.1 % 0.8% 1.5 
High threshold ( 125 dBm/Hz) 
Low power terminal 45.9% 50.1 % 41.8 % 19.8 % 27.5 % 12.1 % 
Low threshold ( -150 dBm/Hz) 
Low power terminal 20.9 % 22.7 % 19.1 % 10.6 % 13.7 % 7.5 % 
High threshold (-138 dBm/Hz) _ _ 
ý 
Table 5-15. Probability of degradation : Cape Town, South Africa 1996-1997 
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Regional statistics: Cape Town, South Africa (October 1997 - September 1998) 
Cape Town (1997 - 1998) 
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Figure 5-22. HealthSAT-/l cumulative distributions : Cape Town, South Africa 1997 - 1998 
Regional statistics : Cape Town 1997 -1998 
RX I. 149.825 MHz RX2: 149.875 MHz 
All Day Night All I Day Night Units 
Minimum -161.0 -161.0 -161.0 160.7 -160.7 -160.7 dB m/Hz 
Maximum -112.7 -112.7 -114.3 -110.2 -110.4 -110.2 dBm/Hz 
Mean -140.6 -140.5 -140.7 -140.3 -140.3 -140.2 dB n 
Geometric mean -151.0 -150.4 -151.6 -153.4 -151.8 -154.9 dB m/Hz 
10% -159.0 -158.9 -158.9 -158.8 -158.7 -158.8 dBnVHz 
50% -157.6 -157.1 -158.0 -157.6 -157.3 -157.8 dBm/Hz 
90% -134.3 -134.0 -134.7 -136.5 -134.0 -143.6 dB m/Hz 
Table 5-16. HealthSAT-ll Statistics : Cape Town, South Africa 1997 - 1998 
Probability of degradation : Cape Town 1997 - 1998 
RY 1" IQQ R) S 44I4- RY7 1,0 R TS AA E-/-. 
Threshold All Day Night All Day Night 
Tracking Groundstation 14.1 % 15.0 % 13.3% 10.4% 13.4% 7.3 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 1.1 /° % 1.1 % 1.1 % 1.5% 1.3 
% 
1.7 % ° 
threshold (-125 dBm/Hz) Hi 
Low power terminal 35.3/° ° 38.1 %o 32.4 %° 20.1 %o 27.7% o 12.6° /° 
Low threshold 150 dBnVHz) I 
- Low power terminal T 15.9% 16.9% 14.9% 11.2% 14.6% 7.8% 
High threshold (-138 dBm/Hz) 
Table 5-17. Probability of degradation : Cape Town, South Africa 1997-1998 
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Regional statistics: Guildford, England (October 1996 - September 1997) 
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Figure 5-23. HealthSAT-ll cumulative distributions : Guildford, England 1996 - 1997 
Regional statistics : Guildford 1996 - 1997 
RXI . 149.825 MHz RX2 : 149.875 MHz 
Statistics All Day Night All Day Night Units 
Minimum -161.0 -161.0 -161.0 -160.7 -160.7 -160.7 dBm/Hz 
Maximum -112.7 -112.7 -114.3 -110.2 -110.4 1 -110.2 dBm/Hz 
Mean -140.6 -140.5 -140.7 -140.3 -140.3 -140.2 dB m/Hz 
Geometric mean -151.0 -150.4 -151.6 -153.4 -151.8 -154.9 dB m/Hz 
10% -153.6 -151.2 -156.1 -145.4 -142.9 -147.7 dBm/Hz 
50% -138.3 -138.0 -138.7 -133.7 -133.1 -134.4 dBm/Hz 
90% -128.9 -129.7 -128.0 -126.1 -126.1 -126.2 dBm/Hz 
Table 5-18. HealthSAT-ll Statistics : Guildford, England 1996 - 1997 
Probability of degradation : Guildford 1996 - 1997 
rýýý ii iý ný -  (77 7l 19111l 7 4C 0 '7G AA II 
RAI l`ty. OG Lv[[[( [ný t`r7. vi iru[ 
Threshold All Day Night All Day Night 
Tracking Groundstation 44.2 % 45.1 % 43.2 % 67.1 % 72.1 % 61.9 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 3.1 %' 1.5 % 4.8 % 6.7 % 6.7 % 6.6 % 
High threshold (-125 dBm/Hz) 
Low power terminal 84.5 %1 87.8 % 81.0% 95.2 % 97.3 % 93.0% 
Low threshold ( -150 dBm/Hz) 
Low power terminal 48.8 % 50.3 % 47.3 % 71.2 % 76.3 % 65.9 % 
High threshold (-138 dBm/Hz) 
Table 5-19. Probability of degradation : Guildford, England 1996-1997 
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Regional statistics: Guildford England (October 1997 - September 1998) 
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Figure 5-24. HealthSAT-l/ cumulative distributions : Guildford, England 1997 1998 
Regional statistics : Guildford 1997 -1998 
RXI : 149.825 MHz RX2 : 149.875 MHz 
All Day Night 
i- 
All Day Night L Units 
Minimum -159.5 -158.8 , -159.5 -158.9 -158.7 -158.9 dBm/Hz 
Maximum -111.5 -112.8 -111.5 -114.3 -114.3 -117.2dBm/Hz 
Mean -132.9 -133.9 -132.1 -131.8 -131.9 -131.6 dBm/Hz 
Geometric mean -141.8 -140.5 -143.1 -138.9 -137.4 -140.3 dBm/Hz 
10% -154.8 -151.6 -156.6 -153.1 -149.0 -155.3 dBm/Hz 
--4 A 50% -140.3 -139.4 -141.4 -136.7 -136.1 -137.6 dBm/Hz 
90% -128.5 -128.9 -127.8 -127.6 -128.0 -126.8 dBm/Hz 
Table 5-20. HealthSAT-ll Statistics : Guildford, England 1997 - 1998 
Probability of degradation : Guildford 1997 - 1998 
nV7 1,4n o')C RA71_ DV) ) An 07C AALI- 
Th h ld 
L\l\I 
All 
LT/. VL 1111 Lt, 
Ni Da ht 
[\! 1L LT/. v/ 
All Da 
[I[[[mo, 
Ni ht res o y g y g 
Tracking Groundstation 37.0% 39.9 % 34.1 % 51.3 % 54.5 % 48.1 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 4.3 % 2.7 % 5.8 % 4.3 % 2.7 % 5.8 % 
High threshold (-125 dBm/Hz) 
Low power terminal 80.7 % 86.6 % 74.8 % 85.5 % 91.6 % 79.4% 
Low threshold ( -150 dBm/Hz) 
I 
Low power terminal 41.0% 44.3 % 37.6 % 55.2 % 58.9 % 51.5 % 
High threshold (-138 dBm/Hz) 1 
Table 5-2 1. Probability of degradation : Guildford, England 1996-1997 
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Regional statistics: Beijing, China (October 1996 - September 1997) 
Beijing (1996 - 1997) 
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Figure 5-25. HealthSAT-Il cumulative distributions : Beijing, China 1996 - 1997 
Regional statistics : Beijing 1996 -1997 
RXI : 149.825 MHz RX2 : 149.875 MHz 
All Day Night All Day Night Units 
Minimum -159.8 -158.9 -159.8 -159.6 -158.2 -159.6 dBm/Hz 
Maximum 
Mean 
-112.1 
-133.5 
-112.7 -112.1 
-131.6 -137.1 
-109.3 
-133.1 
-109.4 -109.3 dB m/Hz 
-131.4 -135.9 dBm/Hz 
Geometric mean -137.4 -133.8 -140.9 -136.1 -133.3 -138.8 dBm/Hz 
ti 
10% -151.9 -147.7 -153.6 -149.4 -144.1 -152.8 dBm/Hz 
50% -136.2 -131.9 -140.4 -134.8 -132.5 -137.0 dBm/Hz 
90% -125.7 -124.1 -129.5 -125.7 -123.9 -128.8 dB m/Hz 
Table 5-22. HealthSAT-ll Statistics : Beijing, China 1996 - 1997 
Probability of degradation : Beijing 1996 - 1997 
DV I 1,10 QIIZ AAU-. DY 1,4 0 Q7, nf 
Threshold All Day Night All Day Nigh 
Tracking Groundstation ! 53.0 % 70.2 % 35.8 % 60.2 % 70.2 % 50.1 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 7.8 % 13.6% 2.0% 8.2 % 14.1 % 2.2 % 
High threshold (-125 dBm/Hz) 
Low power terminal 86.7% 1 92.1 % 81.3 % 90.9 % 97.6 % 84.2 
% 
Low threshold (-150 dBm/Hz) 
Low power terminal 56.5% 73.0% 39.9 % 64.4% 74.0% 54.8% 
High threshold (-138 dBm/Hz) 
Table 5-23. Probability of degradation : Beijing, China 1996-1997 
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Regional statistics: Beijing, China (October 1997 - September 1998) 
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Figure 5-26. HealthSAT-Il cumulative distributions : Beijing, China 1997 - 1998 
Regional statistics : Beijing 1997 -1998 
RX1 . 149.825 MHz RX2 : 149.875 MHz 
All Day Night All Day Night Units 
Minimum 
Maximum 
Mean 
-159.5 
-110.1 
-133.3 
-158.2 -159.5 
-111.5 -110.1 
-131.4 -136.6 
-159.1 
-109.0 
-132.6 
-158.8 
-109.1 - 
131.0 
-159.1 
-109.0 
-135.4 
dBm/Hz 
dBnVHz 
dBm/Hz 
Geometric mean -136.9 -134.0 -139.8 -134.9 -132.0 -137.8 dBm/Hz 
10% -150.4 -148.0 -151.9 -146.9 -142.0 -150.4 dBm/Hz 
50% -136.2 -132.4 -139.5 -133.8 -131.3 -136.6 dBm/Hz 
90% -125.4 -123.8 ý -129.0 -125.0 1 -123.4 _ 128.0 dBm/Hz 
Table 5-24. HealthSAT-11 Statistics : Beijing, China 1996 - 1997 
Probability of degradation : Beijing 1997 - 1998 
n. i i) /n nnc   A11 n A, I AC) 0 "7c   AF r 
[IA1 . /Y7. OGJ IV1hI. [\A- . lY7. O/J IVIhI.. 
Threshold All Day Night All Day Night 
Tracking Groundstation 52.9 % 66.7 % 39.1 % 64.3 % 76.9 % 51.7% 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 8.7 % 14.9 % 2.6 % 10.2 % 16.9 % 3.4 % 
High threshold (-125 dBm/Hz) 
Low power terminal 89.3 % 92.8 % 85.8 % 94.0 % 98.5 % 89.4% 
Low threshold ( -150 dBm/Hz) 
Low power terminal 56.6% 69.7%7 43.5% 68.1 % 80.2% 56.1 % 
High threshold (-138 dBr/Hz) 
Table 5-25. Probability of degradation : Beijing, China 1997-1998 
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Regional statistics: Sydney, Australia (October 1996 - September 1997) 
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Figure 5-27. HealthSAT-ll cumulative distributions : Sydney, Australia 1996 - 1997 
istics : Sydney 1996 -1997 
RXI : 149.825 MHz RX2 : 149.875 MHz 
All Day Night All Day Night Units 
Minimum -161.2 -160.5 -161.2 -160.5 -160.4 -160.5 dBm/Hz 
Maximum -109.5 -110.0 1 -109.5 -109.7 -110.2 -109.7 
T dB z 
Mean -120.8 -118.6 
1 
-125.2 -124.5 -122.2 -129.6 dB m/Hz 
Geometric mean -126.4 -118.2 -134.4 -135.9 -126.4 -145.2 dB m/Hz 
10% -155.7 -126.5 
1 
-158.6 -158.2 -147.6 -158.6 dBm/Hz 
50% -120.8 -115.5 -131.2 -133.7 -121.8 -150.6 dBmIHz 
90% -113.1 -112.5 -116.7 -115.7 -114.5 -122.5 dBm/Hz 
Table 5-26. HealthSAT-ll Statistics : Sydney, Australia 1996 - 1997 
Probability of degradation : Sydney 1996 -1997 
((Al 14Y. ÖZJ IVIrIZ AAZ .1 tY. o/J Iv[n ., 
Threshold All Day Night All Day Night 
Tracking Groundstation 78.7% 95.6 % 62.3 % 54.3 % 79.7 % 29.5 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 60.1 % 88.3 % 32.7 % 36.3 % 60.0% 13.1 % 
High threshold (-125 dBndHz) 
Low power terminal 87.9 % 97.7 % 78.5 % 70.4 % 92.4 % 49.0 % 
Low threshold ( -150 dBm/Hz) 
Low power terminal 79.8 % 95.8 % 64.2% 55.5 % 80.8 % 31.0% 
High threshold (-138 dBm/Hz) 
Table 5-27. Probability of degradation : Sydney, Australia 1996-1997 
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Regional statistics: Sydney, Australia (October 1997 - September 1998) 
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Figure 5-28. HealthSAT-ll cumulative distributions : Sydney, Australia 1997 - 1998 
Regional statistics : Sydney 1997 -1998 
RX 1.149.825 MHz RX2 
." 
149.875 MHz 
h 
All Day Night All Day Nig t Units 
Minimum -159.3 -159.0 -159.3 -158.9 -158.9 -158.6 dBm/Hz 
Maximum -109.4 -109.7 -109.4 -109.6 -110.2 -109.6 dB m/Hz 
Mean -116.0 -113.9 -120.4 -119.7 -117.6 -124.2 dB m/Hz 
Geometric mean -124.6 -116.3 -133.3 -133.4 -124.8 -142.1 dB m/Hz 
10% -156.9 -124.9 -158.2 -157.5 -147.5 -158.0 dBm/Hz 
50% -119.0 -114.2 -132.0 -131.7 
- 
-120.8 
- 
-147.7 dBm/Hz 
90% -112.1 -111.5 -115.4 4.7 
ý 
-113.7 -120.5 1 dBm/Hz 
Table 5-28. HealthSAT-ll Statistics : Sydney, Australia 1997 - 1998 
Probability of degradation : Sydney 1997 -1998 
DV!. 1,10., J? V' 1,10 k75 A 1/--/- 
Threshold All Day Night All Day Night 
Tracking Groundstation 77.3 % 95.7 % 58.8 % 56.9 % 79.2 % 34.6 % 
Low threshold (-137 dBm/Hz) 
Tracking Groundstation 62.4% 90.1 % 34.7 % 39.2% 61.5 % 16.7 % 
High threshold (-125 dBm/Hz) 
Low power terminal , 85.7 % 97.5 % 73.8 % 
_ 
73.3 % 92.9 % 53.7 % 
Low threshold ( -150 dBm/Hz) 
Low power terminal 78.2 % 95.9 % 60.4 % 58.2 % 80.2 % 36.0 % 
High threshold (-138 dBm/Hz) 
Table 5-29. Probability of degradation : Sydney, Australia 1997-1998 
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Comparing the results for all four locations shows a significant variation, with Sydney 
exhibiting the harshest conditions, followed by Beijing, Guildford and finally Cape Town. The 
variation in mean signal level between Sydney and Cape Town, for example, (Table 5-14 and 
Table 5-26), is as high as 20dB. This would make the difference between a system operating 
successfully, and it not operating at all. 
The Beijing results, (pages 122 and 123), provide a good example of the typical operating 
environment within this frequency band. The interference environment is sporadic in nature, 
and is believed to result from terrestrial usage by land mobile systems. There is very little 
variation in the measured levels between the two channels, both of which have a mean signal 
level of -133 dBm/Hz. This environment shows temporal variation, with a difference of 
approximately 5dB between the day and night time periods. 
The results presented on pages 118 and 119 are for the relatively benign environment of Cape 
Town, South Africa. They show little terrestrial activity, with over 50% of the measured signal 
levels below -150 dBm/Hz, and a mean signal level of -140 dBm/Hz. There is a slight 
variation between the two channels, with Receiver One experiencing higher signal levels than 
Receiver Two. There is very little variation between the day and night time environment for 
this location. 
In contrast to this, the results presented on pages 124 and 125 are for the harsh environment of 
Sydney, Australia. The results exhibit characteristics of a `pedestal' type interference 
environment, which occurs due to high utilisation of the channel by the terrestrial system, in 
this instance a pager network. Signal levels in both channels are high, with a mean level of 
approximately -120 dBm/Hz. The environment shows a significant temporal variation, with a 
difference of approximately 7 dB between the day and night time periods. Furthermore, 
examining the results between successive years shows an increase in the mean signal level of 
approximately 4dB. 
5.2.2 FASat-Bravo results 
While the measurements performed by HealthSAT-II allowed the original premise of this 
research to be verified, and provided a number of interesting and useful results, the usage of 
two single channels is limited, and can not be used to portray the environment across the entire 
frequency band of interest. The FASat-Bravo microsatellite, launched in July 1998 has allowed 
the early measurements to be expanded on and the interference environment across the entire 
Little-LEO band to be examined. Since December 1998, the satellite has been used to perform 
measurement surveys, both regional and global right across the band of interest. 
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The results presented in the following section are the first such results to be published in the 
open literature, and provide detailed information as to the global and regional interference 
environment across the band. The measurements performed by a satellite in a representative 
orbit give a true view of the environment to be faced by future Little-LEO satellite 
constellations. 
5.2.2.1 Global interference environment 
The results presented in Figure 5-29 show the geographic variation in maximum, mean, 
geometric mean and minimum scan level, for measurements across the entire Little-LEO VHF 
frequency band, from 148 MHz to 150 MHz. The results have been calibrated in units of 
dBm/Hz and plotted on an unprojected map of the Earth's surface. 
"Little-LEO" VHF band interference environment, 148 - 150 MHz 
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Figure 5-29. FASat-Bravo : "Little-LEO" band global environment 
Key (dB /Hz) 
-158 4 -155 -146 - -143 -134 -ý -131 -122 - -119 
-155 - -152 -143 - -140 -131 -ý -128 -119 -* -116 
-152-4-149 -140 - -137 -128 4 -125 -116 -ý -113 
-149 -) -146 -137 - -134 -125 - -122 -113 - -110 
No data > -110 dBm/Hz 
Table 5-30. Key : Global environment results 
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As with the HealthSAT-II results, this figure shows definite geographical structure, with high 
levels of interference concentrated around the heavily industrialised regions of the world. 
Examining the structure leads one to believe that the predominant usage of this band is 
currently for land based terrestrial systems, which corresponds with the ITU filings and 
frequency allocations [87]. The absence of interference within the oceanic regions, shown in 
blue, precludes the use of these frequencies for maritime usage. 
Examining the geographic variation in maximum scan level, Figure 5-29A highlights the 
presence of high level interference, shown in red, located in the North American, Asian, 
Australian and European regions. Furthermore, the mean and geometric mean results presented 
in Figure 5-29B and Figure 5-29C, indicate heavier usage of this band in the Asian and 
European regions, than anywhere else in the world. 
Within some geographical regions, the allocation of frequencies varies between the bottom half 
and the top half of the band. In the United Kingdom, for example, the bottom half is used by 
the public utility companies, while the other half is used by the military [ 136]. The results 
presented on the following page show the geographic variation between the two halves of the 
band. 
Examining the mean and geometric mean levels for each half of the band illustrates the 
variation in usage within some regions. It can be seen for example, that within the European 
region the usage of the bottom half of the band would appear to be higher than that of the top. 
It can also be seen by examining the maximum scan level results, that the high level 
interference observed in Figure 5-29A originates from different parts of the band. The 
interference present over the North American and Asian region, for example, originates from 
the top half of the band, while the interference present over the European region originates 
from the bottom. 
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148 - 149 MHz and 149 - 150 MHz global environment 
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Figure 5-30. FASat-Bravo : Upper and lower band global environment 
Ke (dBm/Hz) 
-158 - -155 -1464-143 -134 -* -131 -1224-119 
-155 4 -152 -143 4 -140 -131- -128 -1194-116 
-152 4 -149 -140 - -137 -128 4-125 -116 - -113 
-149 4 -146 -137 - -134 -125 - -122 -113 - -110 
No data > -110 dBm/Hz 
Table 5-31. Key : Global environment results 
John Paffett Page 129 of 223 Results 
VHF band interference measurement, analysis and avoidance 
5.2.2.2 Regional interference environment results 
The geographic results presented in the previous section provide a good visual interpretation of 
the interference environment throughout the world. In order to compare the differing 
environments and obtain more detailed results, statistical analysis is required on the 
measurements made over a specific region. Regional analysis has therefore been performed on 
the FASat-Bravo measurements over a number of different areas, the results from a number of 
which are presented in the following section. 
Five locations have been chosen each having a field-of-view that extends over a major region of 
the world, as illustrated in the diagram below, providing a good example the differing 
interference environment. 
North American 
European 
Asian Pacific 
--ter-- 
\ 
South African Australian 
Figure 5-31. FASat-Bravo regional analysis : geographical locations 
The following table provides a summary of the location of each site. For each of the 
geographical regions, results are presented which show the channel occupancy across the band, 
the statistical nature of the interference environment, and a number of examples of the type of 
interference experienced. 
Regional analysis geographical locations 
John Paffett 
Location il u rcegion cuwuuue ý. výýK«uuC 
European region 1 450 North 00 
South African i 1 20° South 25° East 
United States 
Asian Pacific region 
2 
3 
50° 
40° 
North 
North 
100° West 
130° East 
Australian region 3 25° South 135° East 
Results 
VHF band interference measurement, analysis and avoidance 
The channel occupancy plots present the maximum and mean level for each 15 kHz channel 
across the entire band from 148 MHz to 150 MHz, and show how the frequency band is utilised 
within that given region. Unfortunately the resolution bandwidth of each channel is larger than 
the bandwidth of the majority of the interference sources, so that individual emissions can not 
easily be distinguished. The results do however show the presence of the higher-level 
interference sources, which are clearly visible on some of the results. 
Signal strength distributions and scan statistics are presented for the whole band, and for the 
two halves of the band. These provide quantitative results for the maximum, mean, geometric 
mean, and minimum scan levels. They allow comparisons to be made between the occupancy 
of the two halves of the band within a given region, and also allow the results for different 
geographic regions to be compared. Finally, a number of signal strength distributions and 
statistical results are presented for individual channels. With the increased number of channels 
surveyed in this measurement campaign, it is not feasible to present results for each and every 
channel. Those given are therefore examples of the different type and level of interference 
experienced. 
European region results 
Figure 5-32 shows the channel occupancy within the European region. The figure shows a 
relatively high level of activity across the entire band, and the presence of a number of high 
level signals, the majority of which are located in the bottom half of the band. 
Channel Occupancy : European Region 
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Figure 5-32. European region `Little-LEO' band channel occupancy 
The reported usage of these frequencies is predominantly for fixed and land mobile systems, 
with the occasional allocation for pager services. This would appear to correspond with the 
observed channel occupancy results shown above. Further examination of the results shows 
the presence of four pager signals located in the lower portion of the band, operating at 
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148.050 MHz, 148.100 MHz, 148.425 MHz and 148.625 MHz. Performing geographic 
analysis and footprint averaging, Figure 5-33, allows the origin of these pager signals to be 
located within the countries of Norway and Spain [118]. 
Pager #1 148.050 MHz Pager #2 148.100 MHz 
Country : Norway Country : Norway 
Location : 57°N, 9°E (± 5°) Location : 58°N, 8°E (± 5°) 
fFGyf \ý"'ýYý 
Pager #3 148.425 MHz Pager #4 148.625 MHz 
Country : Spain Country : Spain 
Location : 40°N, 2°W (± 5°) Location : 38°N, 3°W (± 5°) 
Figure 5-33. Geographic location of high level European interference 
The fifth pager signal located in the top portion of the band at 149.775 MHz demonstrates one 
of the problems faced by communication satellites operating within a low Earth orbit. While 
the satellite is transiting the European region, it can receive interference originating from a 
much larger geographical area, and so while the local environment may be clear, signals 
originating from outside the region can in fact cause harmful interference. 
Pager #5 149.775 MHz 
Country : Prince Edward Island, Canada 
location : 46°N, 62°W (± 5°) 
Figure 5-34. US high level interference source 
The interferer located at 149.775 MHz does not actually originate from within the European 
region at all, but instead from Prince Edward Island, Canada [80], as illustrated by 
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Figure 5-34. And so, while this can not be strictly classed as a European interferer, it may 
prevent the use of this frequency over the European region, whenever the satellite is within its 
field-of-view. 
The difference in channel occupancy between the lower and upper portions of the band can be 
seen by examining the signal strength distribution shown in Figure 5-35, and the scan statistics 
summarised in Table 5-33. The results show a higher level of occupancy in the lower half of 
the band than in the top. 
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Figure 5-35. European region `Little-LEO' band signal level distributions 
Summary of results : European region `Little-LEO' band 
lira - 14Y Jvy - JJv 140 - Irv uncas 
Maximum 
-111.6 -115.1 -111.6 
dB m/Hz 
Mean 
-135.4 -142.5 -137.5 
dBm/Hz 
Geometric mean 
-148.1 -153.0 -150.4 
dBm/Hz 
Minimum 
-167.8 -167.8 -167.8 
dBm/Hz 
10% 
-163.5 -164.8 -164.3 
dBm/Hz 
50% 
-146.9 -153.7 -150.1 
dBm/Hz 
90% 
-136.4 -140.0 -137.8 
dBm/Hz 
Table 5-33. European region scan statistics 
While the channel occupancy results provide a means of examining the spectral usage across 
the entire band, and the scan statistics provide quantitative values for mean and maximum scan 
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levels, they fail to show the significant variation that can be encountered in conditions between 
individual channels. Examination of the signal strength distribution for each channel allows 
comparisons to be made, and highlights the variation caused by different types of usage. The 
results presented in Figure 5-36 show signal strength distribution for three example systems: 
the first a public mobile radio service; the second a Spanish pager network; and the third, a 
relatively unused channel. 
Channel signal level distributions : European Region 
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Figure 5-36. European region channel signal level distributions 
1`iO. L/J 1`tO. VLV 1`t7.7JJ V/C6t, 
Maximum 
-123.3 -111.6 -127.4 
dBm/Hz 
Mean 
-138.3 -122.0 -150.6 
dBm/Hz 
Geometric mean 
-142.43 -134.2 -160.0 
dB n-/Hz 
Minimum 
-166.0 -166.8 -167.1 
dBm/Hz 
10% -153.7 -159.6 -166.5 dBm/Hz 
50% -141.7 -131.1 -163.5 dBm/Hz 
90% -135.6 -118.1 -150.6 dBm/Hz 
Table 5-34. Selected European region channel statistics 
The graph illustrates the significant difference in conditions which can be encountered in 
channels used for different applications. The results are, however, typical of the types of signal 
distribution seen across the band for channels used by similar systems. The practical effects of 
such a dramatic variation can be seen if we take the example of a low power ground terminal 
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trying to operate within this area. If we use a minimum operating threshold of -150 dBm/Hz, 
shown in the table below, then we can see that for the first channel, communications would be 
possible for 15.9% of the time, for the second 21 % of the time, and for the third 90.5% of the 
time. 
Percentage of time, measurements exceed threshold level 
l/6rCJ/LUId! 
Tracking Groundstation 
Low threshold (-137dBm/Hz) 
lYO. G/J 
17.4 % 
/'to. VGV 
57.1 % 0.5% 
Tracking Groundstation 0.0 % 38.4 % 0.0 
Huh threshold (-125 dBm/Hz) 
Low power terminal 84.0 % 79.0 % 9.5 % 
Low threshold( -150 dBm/Hz) 
Low power terminal 23.9 % 58.4 % 0.8 % 
High threshold (-138 dBm/Hz) 
Table 5-35. Probability of degradation : European region example channels 
South African region results 
The results presented in this following section show the channel occupancy, signal level 
distribution and typical channel distributions for the South African region. In comparison with 
the results for other geographical regions presented in this thesis, this interference environment 
can be considered to be relatively quiet. The channel occupancy plot, Figure 5-37, shows an 
even distribution across the band, with little variation between the two halves. The band has a 
mean level of -150 dBm/Hz, and reaches a maximum of -122 dBm/Hz. The figure also shows 
an absence of any high level interfering signals within this region. 
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Figure 5-37. South African region `Little-LEO' band channel occupancy 
While examination of the channel occupancy results alone would lead one to believe that the 
band is relatively utilised within this region, albeit at a low level, examination of the signal 
John Paffett Page 135 of 223 Results 
VHF band interference measurement, analysis and avoidance 
strength distribution presented in Figure 5-38, would suggest that channel usage or traffic 
loading is low. Out of the measurements performed over this region, 72% of them are below 
-160 dBm/Hz, and nearly 90% of the measurements are below that of the mean scan level. 
Scan signal level distribution : South African Region 
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Figure 5-38. South African region `Little-LEO' band signal level distributions 
14 6-1 4Y 14Y - 1JU 146 - 1JU Units 
Maximum 
-122.8 -122.9 -122.8 
dB m/Hz 
Mean 
-150.5 -150.9 -150.7 
dBm/Hz 
Geometric mean dBm/Hz 
-160.8 -161.2 -161.0 
Minimum 
-168.0 -168.0 -168.0 
dBm/Hz 
10% 
-166.1 -166.4 -166.3 
dB m/Hz 
50% 
-164.3 -164.3 -164.3 
dBm/Hz 
90% 
-148.6 -150.6 -149.6 
dBm/Hz 
Table 5-36. South African region scan statistics 
Examination of the signal distributions from a number of example channels, shown in 
Figure 5-39, confirms that the channel utilisation in this region is low. In all three instances, 
over 80% of the time the recorded signal level is below -150 dBm/Hz. The signal strength 
distribution for the 148.7 10 MHz channel also provides a good example of the characteristics of 
a `clear' channel, with 90% of signals being below -165 dBm/Hz. 
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Channel signal level distributions : South African Region 
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Figure 5-39. South African region channel signal level distributions 
Channel statistics : South African region, selected channels 
JgÖ. JYJ 14(5. /IU 14Y. -IU. ) UniIS 
Maximum 
-134.6 -146.2 -122.9 
dBm/Hz 
Mean 
-150.2 -163.7 -145.8 
dBm/Hz 
Geometric mean 
-159.9 -165.1 -158.6 
dBm/Hz 
Minimum 
-168.0 -167.3 -167.3 
dBm/Hz 
10% -167.7 -167.5 -167.4 dB m/Hz 
50% -165.1 -166.5 -164.6 dBm/Hz 
90% -146.6 -165.2 -142.7 dBm/Hz 
Table 5-37. Selected South African region channel statistics 
Table 5-38 shows the percentage of time the threshold level for the two example groundstations 
is exceeded. As can be seen, percentages are very low, showing that communications between 
the satellite and ground terminal suffer very little degradation when operating within this 
regional environment. This coincides with the practical experience gained from the operation 
of the HealthSAT-H satellite within this region. 
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Percentage of time, measurements exceed threshold level 
Threshold 148.395 148.710 149.205 
Tracking Groundstation 
Low threshold (-137 dBm/Hz) 
0.3 % 0.0 % 2.0 % 
Tracking Groundstation 0.0 % 0.0 % 0.0 % 
High threshold (-125 dBm/Hz) 
Low power terminal 15.7% 0.3% 20.7% 
Low threshold ( -150 dBm/Hz) 
Low power terminal 
Huh threshold (-138 dBm/Hz) 
0.5 % 0.0% 3.1 % 
Table 5-38. Probability of degradation : South African region example channels 
Asian Pacific region results 
Figure 5-40 shows the channel occupancy for the Asian Pacific region. The figure shows 
activity across the entire band, with the presence of a number of medium level signals in the 
lower portion of the band and a large number of higher level signals in the upper part. 
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Figure 5-40. Asian Pacific region `Little-LEO' band channel occupancy 
Reported usage of the frequencies within this region is similar to that of other areas, and is 
predominantly mobile and pager activity [86,87]. It is believed, however, that in some areas 
usage of this band is only loosely regulated, and that frequencies may not be used for their 
designated purpose. 
John Paffett Page 138 of 223 Results 
VHF band interference measurement, analysis and avoidance 
Scan signal level distribution : Asian Region 
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Figure 5-41. Asian Pacific region `Little-LEO' band signal level distributions 
Summary of results : Asian region `Little-LEO' band 
148-149 149-150 148-150 Units 
Maximum 
-120.5 -113.1 -113.1 
dB m/Hz 
Mean 
-140.6 -132.0 -134.5 
dB m/Hz 
Geometric mean 
-151.3 -148.2 -149.7 
dBm/Hz 
Minimum 
-166.9 -167.2 -167.2 
dBm/Hz 
10% 
-164.1 -164.2 -164.2 
dBm/Hz 
50% 
-151.8 
j 
-150.0 -151.0 
dBm/Hz 
90% 
-137.6 -128.1 -132.9 
dBm/Hz 
Table 5-39. Asian region scan statistics 
Figure 5-42 shows the signal strength distribution for three example channels. The first two 
channels located at 148.485 MHz and 148.800 MHz are occupied by public mobile radio type 
systems, and a pager network located in Hong Kong occupies the third channel, at 
149.505 MHz. 
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Channel signal level distributions : Asian Region 
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Figure 5-42. Asian region channel signal level distributions 
Channel statistics : Asian region, selected channels 
I ? O. 7(J 17V. UVV I t7. JUJ (J/1163 
Maximum -129.7 -125.9 -113.1 dBm/Hz 
Mean -147.6 -142.3 -122.5 dB m/Hz 
Geometric mean -155.8 -150.6 -130.1 dB m/Hz 
Minimum -166.6 -166.0 -165.5 dBm/Hz 
10% -166.0 -163.7 -151.7 dBm/Hz 
50% -158.2 -152.0 -124.9 dBm/Hz 
90% -144.8 -138.8 -119.6 dBm/Hz 
Table 5-40. Selected Asian region channel statistics 
Australian region results 
The channel occupancy results for the Australian region, presented in Figure 5-43, show heavy 
usage of the spectrum by pager systems, the majority of which are located within the bottom 
half of the band. The figure shows the presence of at least twenty high-level pager allocations 
in the bottom, two high-level pager allocations in the top, and a large number of lower level 
signals distributed across the entire band. 
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Figure 5-43. Australian region `Little-LEO' band channel occupancy 
This corresponds with the reported usage of this band [12], which shows a large number of 
allocations for pager systems operating at levels of between 100W and 1kM. This region has in 
fact the largest density of pager systems, operating at this frequency, in the world. 
The diagram below shows the frequency allocations and number of licensed transmitters for the 
high level, 500W and 1 kW pager systems. It is the pager systems located at 149.8375 MHz 
and 149.8875 MHz, which are responsible for the interference caused to HealthSAT-II when it 
transits this region, since the satellite's receiver bandwidth overlaps the transmission bandwidth 
of the pager channel. 
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Figure 5-44. Australian 500W /1 kW pager allocations (1999) 
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Examination of the cumulative signal strength distribution shows the variation in levels 
between the two halves of the band caused by the concentration of pager channels in the lower 
half of the band. 
Scan signal level distribution : Australian Region 
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Figure 5-45. Australian region `Little-LEO' band signal level distributions 
Summary of results : Australian region `Little-LEO' band 
148 - 149 149 - 150 148 - 150 Units 
- - Maximum ' 
-115.8 -116.6 -115.8 
dBm/Hz 
Mean 
-134.5 -140.6 -136.4 
dBm/Hz 
Geometric mean 
-149.9 -155.7 -152.6 
dBm/Hz 
Minimum 
-167.2 -167.5 -167.5 
dBm/Hz 
10% 
-165.3 -165.7 -165.5 
dBm/Hz 
50% 
-150.6 -158.0 -155.0 
dBm/Hz 
90% 
-130.7 -141.9 -135.2 
dBm/Hz 
Table 5-41. Australian region scan statistics 
Figure 5-46 presents the signal strength distributions for three different channels, typical of the 
type of interference experienced within this environment. The first channel located at 
148.620 MHz is used by land mobile systems and has a mean signal level of -140 dBm/Hz, 
and a maximum level of -124 dBm/Hz. 
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Channel signal level distributions : Australian Region 
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Figure 5-46. Australian region channel signal level distributions 
The second example channel located at 148.635 MHz is adjacent to the 148.6375 MHz pager 
allocation, which is reportedly occupied by 166,500 W and 16,1 kW pager transmitters, 
distributed throughout Australia. The channel has a mean and maximum signal level of 
-125 dBm/Hz and -116 dBm/Hz respectively. The last example is for a channel located at 
149.535 MHz, which in comparison to the other channels within the region is relatively clear. 
It has a mean and maximum signal level of -152 dBm/Hz and -134 dBm/Hz, and 50% of the 
measured signal levels are below -165 dBm/Hz. 
Channel statistics : Australian region, selected channels 
MR 7F. n MR F. ýS idO SAS ýI.,, tý 
Maximum 
-124.0 -116.0 -134.4 
dBm/Hz 
Mean 
-141.0 -125.5 -151.8 
dB m/Hz 
Geometric mean 
-148.5 -132.7 -160.6 
dBm/Hz 
Minimum 
-165.9 -166.3 -167.5 
dBm/z 
10% -164.1 -154.4 -167.6 dBm/Hz 
50% -147.9 -128.7 -165.4 dBm/Hz 
90% -137.8 -122.3 
--------- 
-149.4 dBm/Hz 
Table 5-42. Selected Australian region channel statistics 
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United States regional results 
The last regional results to be examined are for the United States of America. The channel 
occupancy results presented in Figure 5-47 show an even distribution of signals across the 
band, with the existence of at least two high level interfering signals. 
Channel Occupancy : United States 
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Figure 5-47. United States `Little-LEO' band channel occupancy 
The first of these high level signals is at 148.560 MHz. It has a high maximum level, but low 
mean level, which suggests that, the usage or traffic loading within this channel is relatively 
low. This is confirmed by examination of the signal strength distribution and channel statistics, 
Figure 5-48 and Table 5-43, which show that for 50% of the time the observed signal level is 
below -165 dBm/Hz. 
In contrast to this, the second high level signal located at 148.775 MHz has both a high 
maximum level and a high mean signal level. Examination of the signal distribution for this 
channel shows a significantly different level of usage, with the signal level being above 
-133 dBm/Hz 90% of the time. 
Channel statistics : United States, selected channels 
--- - --- - --- - 1.42 iiQc 1A2 SAO 1,10 77c 14Q QRS unity 
Maximum -123.3 1 -112.4 -111.4 -134.1 dBm/Hz 
2 138 1 121 4 155 3 dBm/Hz Mean -141. - . . - . - 
Geometric mean -148.0 -156.7 -124.1 -161.2 dBm/Hz 
Minimum -165.8 -166.6 -165.8 -165.8 dBm/Hz 
10% -161.3 -166.8 -133.2 -165.3 dBm/Hz 
%0 o -148.5 -165.0 -123.7 -163.2 dBm/Hz 
90% -138.1 -1 S25. U -1 19.1 -1 J9. U (1t5 rrvnL 
Table 5-43. Selected United States channel statistics 
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Channel signal level distributions : United States 
100 
0 
0 
0 ° 70 
rn 60 
50 
40 148.095 MHz 
30 148.560 MHz 
20 149.775 MHz 
10 149.985 MHz 
0 
o fý to 0 'n 0 In 0 In 0 In 0 in 0 In o -. O %0 In In V- I- MM fV CV 0 0 
" " Signal 
Level (dBm/Hz) 6/ob a/Survey 
Figure 5-48. United States channel signal level distributions 
The figure below shows the signal strength distributions for the entire band, and the two halves 
of the band. The results show that the signal levels observed within the 148 MHz to 149 MHz 
band are lower than those seen in the top half of the band, from 149 MHz to 150 MHz. 
Scan signal level distributions : United States 
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Figure 5-49. United States `Little-LEO' band signal level distributions 
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Summary of results : Unites States `Little-LEO' band 
148-149 149 - 150 148 - 150 Units 
Maximum 
-112.4 -111.4 -111.4 
dBm/Hz 
Mean 
-140.7 -137.2 -138.6 
dBm/Hz 
Geometric mean 
-153.1 -156.0 -154.5 
dBm/Hz 
Minimum 
-166.9 -167.2 -167.2 
dBm/Hz 
10% 
-164.9 1 -165.6 -165.4 
dBm/Hz 
50% _ 
-155.3 -160.8 -158.3 
dBm/Hz 
90% 137.4 -139.2 -138.1 
dBm/Hz 
Table 5-44. United States scan statistics 
Comparing the results from each of the five different geographical locations shows a significant 
global variation in the usage of this frequency band. While the allocation for all three of the 
ITU regions are similar, in that this band may be used for fixed, mobile radio and mobile 
satellite systems, the actual usage varies considerably depending on the requirements of each 
individual country. This is clearly demonstrated by examining the channel occupancy results 
for the Australian and South African regions, which show the presence of a large number of 
pager systems in Australia, and the absence of such systems in South Africa. 
The results illustrate the potential problems faced by fixed frequency low Earth orbiting 
satellite systems operating within this frequency band, in that the interference environment can 
vary dramatically with location, and the incorrect assignment of frequency can render the 
communications system inoperable in some regions of the world. The results show significant 
geographic, frequency and temporal variation, which leads one to believe that the use of 
dynamic frequency allocation would help to alleviate the potential degradation caused by 
terrestrial interference. 
5.3 Summary 
The results presented here and in the publications that have stemmed from this research 
[ 127 - 123] are the first to have been openly reported and represent a significant contribution to 
the field of low Earth orbit satellite communications. The results show categorically that the 
interference environment varies with geographical location, frequency and time, and that levels 
can be sufficiently high that severe degradation may occur to communications systems 
operating at these frequencies. Results for a number of geographical locations are presented, 
demonstrating the variation in conditions experienced around the world. The results highlight 
the difficulty faced by global communications systems, and the importance of frequency 
selection for fixed frequency systems. 
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6 Models and algorithms 
There are currently no models available within the public domain for the spectrum occupancy 
or interference environment across the band, suitable for use by satellites operating in a low 
Earth orbit. What exist are band plans, frequency assignment tables and traffic loading charts, 
which are generated by the regulatory groups, and typically confined to small geographic 
regions such as cities or countries. As a satellite receives interference originating from a large 
geographic region, this local occupancy data is not representative of the environment, and the 
reliability of models based on such information has to be questioned. The only true way of 
generating models of the low Earth orbit interference environment is to base them on 
measurements performed by a satellite operating at the same frequency and in a representative 
orbit. 
This chapter presents a number of models based on the in-orbit measurements performed by 
FASat-Bravo, and reported spectral usage information produced by the various regulatory 
groups. Models for the European, North American and Australian regions show the expected 
channel occupancy and type of interference encountered by a satellite operating in that region. 
A global channel occupancy or frequency selection model is presented which can be used to aid 
in the selection of suitable groundstation transmitter frequencies for systems wishing to operate 
in this band. 
The development and maintenance of a satellite-based global frequency selection algorithm is 
discussed, the purpose of which is to optimise the performance of the Surrey store and forward 
communications protocol by means of autonomous dynamic channel allocation, and in so doing 
provide interference avoidance. Several algorithms are examined for use with the fixed 
frequency HealthSAT-II microsatellite, and with the latest generation of Surrey microsatellites 
which employ frequency agile receivers and are therefore able to operate at any frequency in 
the band. 
6.1 Channel occupancy models 
6.1.1 Model generation 
Predicting with any confidence the spectral occupancy or interference environment for a 
satellite operating within a low Earth orbit has until now been an impossible task to perform. It 
is only since the launch of FASat-Bravo that the facility has existed to perform in-orbit 
measurements, allowing data to be obtained which, when used in conjunction with the reported 
spectral usage information, allows the environment to be modelled. 
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The results from previous attempts to characterise the environment using ground-based or 
airborne measurements [ 149,150,151 ] do not provide a representative view of the operational 
environment of a low Earth orbiting satellite system, since the interference seen by a satellite 
will be significantly different from that seen by these systems. A satellite operating at an 
altitude of 800 km, for example, will be able to receive interference originating from anywhere 
within a 2.9x 107 km2 area, while an aircraft flying at a lower altitude would receive interfering 
signals originating from a much smaller region, as illustrated by the diagram below. 
Satellit 
Airpic 
191C 
Figure 6-1. Comparison of coverage areas 
The generation of models based purely on the reported usage of frequencies is hampered by a 
number of problems, mainly originating from the availability and the validity of such 
information. The ITU, by means of the radio regulations [87], sets out guidelines for the use of 
the radio spectrum across the world, but the implementation of these guidelines is left to the 
control of each country. As a result, there exist frequency assignment, usage or allocation 
plans, of varying degree, for a large number of countries. Piecing this information together in a 
coherent fashion so as to produce a representative model of the environment is impossible. 
It is possible, however, using in-orbit measurements of the environment, in conjunction with the 
published frequency usage information, to model the channel occupancy for a specific 
geographical region. Measurements are made which allow the relative channel occupancy to be 
accessed, and further analysis can be performed to show the presence and geographical location 
of high-level interference sources. The frequency allocations and usage information are then 
used to verify these results, and provide detailed information as to the type and level of signals 
found within the band. This process is illustrated in Figure 6-2. 
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Approximate coverage area figures 
Footprint area % Earth coverage 
Satellite 2.9x10' km' 5.7% 
Airplane 4x105 km' 0.08% 
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(A) In-orbit measurement, (B) Analysis and geo-location, (C) Verification of usage, (b) Generation of model 
Figure 6-2. Generation of regional channel models 
Using this technique a number of channel occupancy models have been generated that show the 
location, level and type of interference that will be encountered by a low Earth orbit satellite 
operating over the European, North American and Australian regions. 
6.1.1.1 Sources of frequency usage information 
There are a large number of documents that relate to the allocation and usage of frequencies 
across the world, the majority of which are generated by the regulatory department of each 
country. In an attempt to co-ordinate this information centrally the ITU has produced the 
`International Frequency List' (IFL) [86], which is supposed to contain detailed information for 
every licensed station in the world. The database currently contains the details of over ten 
thousand transmitters operating within this frequency band, as summarised in the table below. 
ITU IFL `Little-LEO' Band transmitters 
Frequency Region 1 Region 2 Region 3 
148 MHz - 149 MHz 1991 2941 1139 
149 MHz - 150 MHz 
j 768 2351 1095 
Table 6-1. IFL `Little-LEO' band transmitters 
These figures are believed to be but a small fraction of the real number of transmitters 
operating within this band. The information contained within the IFL is provided on a 
voluntary basis and consequently many countries have yet to contribute. Australia for example 
reports that 1750 500W and 1 kW pager transmitters operate between the frequencies of 148 
MHz and 150 MHz [ 12], none of which are contained within the IFL database. 
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In order to generate the models presented within this chapter, the IFL has been used as a basis, 
with additional information being obtained from the frequency allocations and usage 
information supplied by the various regulatory bodies. Table 6-2 provides a list of the major 
references used in the creation of the three regional models. 
Model 
North American 
Australian regio 
Major sources of reference data 
References 
[11,41,56,79,80,81,86,87,108,109,113,114,118,136,167] 
[79,80,86,87,114,115] 
[ 12,10,38,39,40,86,87,119] 
Table 6-2. Major sources of reference data 
6.1.1.2 Assumptions and limitations 
While the channel occupancy models are representative of the environment experienced by a 
satellite in low Earth orbit, there are a number of limitations which must be taken into account 
when using them. Due to the orbit of the satellite used to perform the measurements, the 
models are valid for an altitude of 825km, and for transits over the region between the hours of 
08: 00 and 24: 00. The models can be used for satellites in lower altitudes, although the 
predicted environment may be worse. For satellites operating at higher altitudes, new models 
would be need to be generated from the global data set, to take account of the increase in 
footprint area and therefore interferer visibility. 
The measurement bandwidth of the receiver limits the resolution of the model, and individual 
low-level channels, such as the PMR signals, can not be easily distinguished. In a region such 
as Europe where there are a number of overlapping channel assignment plans, it would be 
difficult to identify individual low-level channels anyway due to their overlapping bandwidths. 
The models are therefore used primarily to show the type and level of signals present within the 
band, and to identify the presence and location of high-level interference sources. 
6.1.2 Regional channel occupancy models 
Channel occupancy models have been developed for the European, North American and 
Australian regions. For each location, two models have been generated, one for each half of the 
frequency band. Each of these models comprises of a spectral occupancy mask, which shows 
the location and relative level of signals across the band; a list of the characteristics of these 
interfering signals, as documented in the literature; and the approximate geographical location 
for each of the high-level interference sources. 
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To simplify the generation and usage of these models, a geographical location central to the 
region has been chosen, as summarised in Table 6-3. 
Regional model Latitude Longitude 
European region 450 North 0° East 
North American region 500 North 100° West 
Australian region 25° South 135° East 
Table 6-3. Centre of geographical region 
Using these locations results in the coverage zones illustrated in Figure 6-3. The models are 
therefore representative of the environment seen as the satellite passes through the highlighted 
geographical areas. 
North American region European region 
ýx 
ý 
ýý ýý 
dý 
ýý 
Australian region 
Figure 6-3. Regional channel occupancy models 
Since the reported usage of this band is similar throughout the world, and is predominantly used 
for land mobile, public mobile radio and fixed systems, three broad classifications of 
interference type have been defined. The classifications, shown in Table 6-4, are used to 
describe the types of interference seen in any of the three geographic regions. 
I "I 
Type Bandwidth j Mean level Systems 
1< 25 kHz < -140 dBm/Hz Public mobile radio, land mobile and 
fixed systems 
2< 25 kHz > -135 dBm/Hz Pager, high power fixed and land mobile systems 
31> 25 kHz I< -135 dBm/Hz High bandwidth fixed systems 
Table 6-4. Classification of interference types 
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6.1.2.1 European region models 
The diagram below shows the spectral occupancy mask for the European region for the 
frequency band from 148 MHz to 149 MHz. The band is used predominantly by type one 
interference sources, with a mean signal level of -140 dBm/Hz and a maximum signal level of 
-130 dBm/Hz. The presence of four type two interference sources can also be seen, with a 
mean signal level of -130 dBm/Hz and a maximum signal level of -110 dBm/Hz. 
European region channel occupancy mask : 148 - 149 MHz 
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Figure 6-4. European region 148 - 149 MHz channel occupancy mask 
In this region utilisation of the band for public mobile radio and land mobile services is high, 
and the high density of countries in the area using a number of different channel assignment 
rasters further increases the overall channel occupancy [ 19]. The table below provides a 
summary of the characteristics of the main type one interference sources operating within this 
region. 
Type one interference characteristics 
Bandwidth Modulation Information type Principle origin Ref. 
6 kHz AM Tele phony UK / Italy [86] 
7 kHz FM Tele phony/ Data ] UK (JRC) [19] 
11 kHz FM Tele phony France [86] 
16 kHz FM Tele phony Euro e wide [86] 
18.8 kHz FM Tele phony Russia [86] 
Table 6-5. European region: 148MHz - 149 MHz Type one interference source 
The characteristics provided in Table 6-4 are for those systems with a transmitter power of 
14 dBW or more. There are a large number of other systems operating within this band with 
lower transmitter power, an example of this being the 15,000 mobile terminals used extensively 
throughout the United Kingdom by the gas industry which operate at 6W [19,72]. 
John Paffett Page 152 of 223 Models and algorithms 
VHF band interference measurement, analysis and avoidance 
There are also four type two interference sources operating within this band, which correspond 
to pager systems operational in Norway and Spain, the characteristics of which are provided in 
Table 6-6. It is believed that the Spanish pager system operating at 148.425 MHz is a recent 
addition, and was not present during the S80/T measurement campaign performed during 1992'. 
This highlights the importance of continually monitoring such a dynamically varying 
environment, as measurements can soon become outdated. 
Type two interference characteristics 
-i 
Identifier Frequency Origin Bandwidth System Ref. 
#1 148.050 MHz Norwa 18kHz Pager [118] 
#2 148.110 MHz Norway 18 kHz Pager [ 118] 
#3 148.425 MHz Spain 16 kHz Pager [86] 
#4 148.625 MHz Spain 16 kHz Pager [86] 
Table 6-6. European region: 148MHz - 149 MHz Type two interference source 
The approximate geographic location for each of the type two interference sources is provided 
in Table 6-7. 
Approximate geographical location 
Identifier Frequency Origin Latitude (±5 Longitude (+5 °) 
#1 148.050 MHz Norway 57° North 9° East 7 
#2 148.110 MHz Norway 58° North 8° East 
#3 148.425 MHz Spain 40° North 2° West 
#4 148.625 MHz Spain 38° North 3° West 
Table 6-7. Pager system geographical location 
The literature reports the usage of a small number of type three interference sources within the 
European region. Their mean signal level is below that of the type one activity, and can not 
easily be identified from the measurements. The reported characteristics of these interference 
sources are provided in Table 6-8. 
'Personal communications with ASI, Toulouse, France. 
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#1 Bandwidth (kHz) : 36 
Power (dBW) : 14.8 - 25 
Modulation : FM 
Usage : Telephony 
Frequencies (MHz) : 148.35,148.4,148.6 
Origin . Turkey / Malta 
_' 
Ref [86] 
#2 Bandwidth (kHz) : 180 
Power (dBW) : 17 - 21 
Modulation : FM 
Usage : Telephony 
Frequencies (MHz) : 148.5,148.9 
Origin: 
- 
Spain Ref. [861 
Table 6-8. European region: 148MHz - 149 MHz Type three interference source 
Figure 6-5 shows the European region spectral occupancy mask for the frequency band from 
149 MHz to 150 MHz. With the exception of a single type two interferer located at 
149.770 MHz, the band is used entirely by type one interference sources, with a mean signal 
level of -140 dBm/Hz and a maximum signal level of -130 dBm/Hz. 
European region channel occupancy mask : 149 - 150 MHz 
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Figure 6-5. European region 149 - 150 MHz channel occupancy mask 
While the single type two interferer appears on this diagram, its contribution to the overall 
environment is minimal. The interference originates from Prince Edward Island, Canada [80], 
and as such will only be seen as the satellite transits the Western European region, as illustrated 
in Figure 6-6. 
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Coverage zone of Canadian interference 
source located on Prince Edward Island. 
"European Region" 
Region where Canadian interference 
will be seen by satellite transiting 
the European region. 
Figure 6-6. Influence of Canadian interferer 
Band usage is predominantly land mobile, fixed and public mobile radio, although across the 
region the usage varies between civil and government systems. Table 6-9 provides the 
characteristics of the most significant type one interference sources operating within this part of 
the spectrum. 
Type one interference characteristics 
Bandwidth Modulation Information type Principle origin Ref. 
6 kHz AM Tele phony UK 1 [86] 
11 kHz FM Tele phony Greece [86] 
15 kHz FM Tele phony Turkey [86] 
16 kHz FM Tele phony Europe wide [86] 
Table 6-9. European region: 149MHz - 150 MHz Type one interference source 
From the results presented in chapter five, it is believed that the channel occupancy or traffic 
loading within this part of the spectrum is lower than that of the band between 148 MHz and 
149 MHz. This is difficult to verify with the reported usage, since governmental systems are 
not reported in the open literature. 
6.1.2.2 North American regional models 
The North American regional channel occupancy models are representative of the environment 
seen by a satellite as it transits the countries of Canada, Mexico and the Continental United 
States of America. The frequency allocation within this band is similar to other regions and 
predominantly fixed and land mobile systems. The usage is, however, different, as in the 
United States the band is almost entirely allocated to government systems, while in Canada the 
usage is mainly civil. Table 6-10 shows the frequency allocations for Canada and the United 
States. 
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North American spectrum allocations. 
rrequency (wlrlZ) uanaaa I/ 1J UA 1114 j 
148.0 - 149.9 FIXED Civil 
LAND MOBILE MOBILE SATELLITE (E-S) 
MOBILE SATELLITE (E-S) SPACE OPERATIONS (E-S) 
Government 
FIXED 
LAND MOBILE 
MOBILE SATELLITE (E-S) 
SPACE OPERATIONS (E-S) 
149.9 - 150.05 RADIONAVIGATION RADIONAVIGATION 
SATELLITE SATELLITE 
MOBILE SATELLITE (E-S) MOBILE SATELLITE (E-S) 
Table 6-10. North American spectrum allocations 
The interference generated by the mobile satellite systems within this region is currently 
minimal, since the allocations have been made, but many of the systems have yet to be 
developed. Orbcomm is the exception to this, as they are in the process of becoming 
operational within this region, but have only deployed a small number of low power terminals. 
Allocations also exist within this band for space operations. These are in the Earth to space 
direction, and typically for communicating with single satellites in a low Earth orbit. In fact 
many of the current commercial Surrey microsatellites have allocations within this band. The 
bandwidth is limited to 25 kHz, and the groundstations use tracked antenna systems. The 
potential for interference is therefore minimal, except when the orbit of two satellites is 
coincident and satellites are co-visible for prolonged periods of time. 
Figure 6-7 shows the channel occupancy mask for the frequency band from 148 MHz to 
149 MHz. The band is used extensively by type one interference sources, with a mean level of 
-140 dBm/Hz and a maximum level of -130 
dBm/Hz. A single high level interferer has been 
marked on the diagram at 148.560 MHz. While this was seen during the measurement 
campaign, its effect is believed to be minimal. The signal level within this channel was 
observed to be below -138 dBm/Hz for 90% of the time, but exceeded -120 
dBm/Hz for 0.1 % 
of the time, causing its presence to be highlighted by the analysis. 
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American region channel occupancy mask : 148 - 149 MHz 
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Figure 6-7. North American region 148 - 149 MHz channel occupancy mask 
It 
6 Hill i 
A number of different channel rasters are in operation within this region, and utilisation of the 
spectrum is relatively high. This reduces the ability of the in-orbit measurements to detect 
individual low-level signals. In Canada the land mobile channel raster is based on 15kHz 
spaced channels, starting at 148.00 MHz, while the channel raster employed in Mexico is based 
on a 12.5 kHz channel spacing regime. The exact definition of the American channel raster is 
unavailable due to the confidential nature of the band usage. 
Table 6-11 provides a summary of the characteristics of the main type one sources operating 
within this region, which are reported in the literature. The characteristics provided are for 
those systems with a transmitter power of 10 dBW or more. 
T.. ý.........:.. i'.. f *. n.. na a Ltn4. naIn. t: ns; nn 
Bandwidth Modulation Information type Principle Ref. 
j origin 
8.5 kHz FM Telephony Mexico [86] 
15 kHz FM Data transmission Canada [80] 
16 kHz FM Telephony, Telegraphy, Canada [80] 
Data transmission 
16 kHz FM Telephony, Mexico / USA [86] 
Data transmission 
Table 6-11. North American region: 148MHz - 149 MHz type one interference source 
A number of type three interference sources are also reported to be in operation, the 
characteristics of which are shown in Table 6-12. Again the high number of type one 
interference sources occupying the band makes the location and identification of the reported 
wide-band systems difficult. 
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Type three interference characteristics 
#1 Bandwidth i 36 
Power (dB W) : 17 - 23 
Modulation : FM 
Usage : Telephony 
Frequencies (MHz) : 148.10,148.29,148.35,148.41,148.52,148.95 
Origin : Mexico / USA Ref. [86] 
#2 Bandwidth (kHz) : 40 
Power (dBW) : 17 - 24 
Modulation : FM 
Usage Telephony 
Frequencies (MHz) : 
Origin . 
148.06,148.49,148.64,148.70,148.82 
Canada / Mexico Ref. [861 
#3 Bandwidth (kHz) : 74 
Power (dBW) : 
Modulation : 
Usage : 
13 - 14.8 
FM 
Telephony 
Frequencies (MHz) : 148.225,148.40,148.705 
urigen :- uanaua 1_rceL Laos 
Table 6-12. North American region: 148MHz - 149 MHz Type three interference source 
The diagram below shows the North American region spectral occupancy mask for the 
frequency band from 149 MHz to 150 MHz. With the exception of a single type two interferer 
located at 149.770 MHz, the band is used by type one interference sources, with a mean signal 
level of -140 dBm/Hz and a maximum signal level of -130 dBm/Hz. 
American region channel occupancy mask : 149 - 150 MHz 
Type 2 
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Figure 6-8. North American region 149 - 150 MHz channel occupancy mask 
The reported characteristics of the type one, type two and type three interference sources 
operating within this part of the spectrum are provided in the tables below. The reported 
terrestrial usage of this part of the spectrum is approximately 20 % higher than for the 
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148 MHz to 149 MHz band [80,86], although this figure is based on reported civilian usage, 
and does not take into account governmental activity. 
Type one interference characteristics 
Bandwidth Modulation information type Principle origin Ref. 
11 kHz FM Telephony, Canada [80] 
Data transmission 
15 kHz FM Digital telegraphy, Canada [80] 
Data transmission 
15 kHz FM Telephony USA [86] 
16 kHz FM Telephony, Canada [80] 
Telegraphy, 
Data transmission 
16 kHz FM Telephony Mexico / USA [86] 
Table 6-13. North American region: 149MHz - 150 MHz type one interference source 
Type three interference characteristics 
#1 Bandwidth (kHz) : 36 
Power (dBW) : 10 - 26 
Modulation . FM 
Usage : Telephony 
Frequencies (MHz) : 149.00,149.01,149.07,149.13, 
149.43,149.85 
149.24,149.37, 
Origin : Mexico / USA Re . [86] 
#2 Bandwidth (kHz) : 40 
Power (dB W) : 10 - 17.8 
Modulation . FM 
Usage : Telephony 
Frequencies (MHz) : 149.15,149.24,149.30,149.36, 
149.59,149.83 
149.42,149.48, 
Origin : Canada / Mexico 1 Re . [86] 
Table 6-15. North American region: 149MHz - 150 MHz type three interference source 
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6.1.2.3 Australian region model 
The diagram below shows the Australian region channel occupancy mask for the frequency 
band from 148 MHz to 149 MHz. 
Australian region channel occupancy mask : 148 - 149 MHz 
Type 2 
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Figure 6-9. Australian region 148 - 149 MHz channel occupancy mask 
In Australia, this band is allocated for use by pager and land mobile systems [10]. The pager 
allocations are based on a 25 kHz channel raster starting from 147.9875 MHz. The land mobile 
allocations operate on two different rasters, the first having a channel separation of 6.25 kHz 
starting at 149.250 MHz, and the second having a channel separation of 12.5 kHz beginning at 
149.750 MHz. 
The channel occupancy mask shows a large number of high level type two interference sources 
distributed across the band, which have a mean level of -130 dBm/Hz and a maximum level of 
-110 dBm/Hz. This corresponds with the reported high power pager systems, the 
characteristics and location of which are summarised in Table 6-16 [12]. 
Type two interference characterist 
Identifier ; Frequency Bandwidth Type Power Location 
#1 148.0325 MHz 12 kHz D 500 W WA 
#2 148.0375 MHz 12 & 16 kHz D 500 W Australia wide 
#3 148.0625 MHz 12 kHz D 500 W TAS 
#4 
#5 
148.1375 MHz 
148.1875 MHz 
16 kHz 
12 & 16 kHz 
D 
D 
500 W 
500 W 
NSW, SA, VIC 
Australia wide 
#6 148.3625 MHz 12 & 16 kHz 
16 kHz 
D, V 
D 
500 W 
1000 W 
Australia wide 
NSW 
#7 148.4125 MHz 12 & 16 kHz D 500 W Australia wide 
#8 148.5625 MHz 16 kHz 
16 kHz 
D, V 
D 
500 W 
1000 W 
Australia wide 
ACT, QLD 
#9 ; 148.5875 MHz 16 kHz D 500 W ACT, NSW, QLD, VIC 
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Type two interference characteristics (Continued) 
iucrnu tci F if ccluct , -, y uuicurvauic i yf/c i uvvci [. uc. uLwt 
#10 148.6125 MHz 16 kHz D, V 500 W Australia wide 
#11 148.6375 MHz 12 & 16 kHz D 500 W Australia wide 
16 kHz D 1000 W ACT, VIC, QLD 
#12 148.6625 MHz 16 kHz D, V 500 W Australia wide 
#13 148.7875 MHz 16 kHz D, V 500 W NSW, QLD, VIC 
#14 148.8125 MHz 16 kHz D, V 500 W _ Australia wide 
16 kHz D 1000 W SA 
#15 148.8625 MHz 16 kHz D 500 W NSW, VIC 
#16 148.9125 MHz 16 kHz D 500 W Australia wide 
16 kHz D 1000 W ACT, VIC, QLD 
#17 148.9375 MHz 16 kHz D 500 W VIC 
#18 148.9625 MHz 12 & 16 kHz D, V 500 W Australia wide 
16 kHz D 1000 W NSW 
Table 6-16. Australian region: 148MHz - 149 MHz type two interference source 
The remainder of the band is occupied by lower level type one interference sources, which have 
a mean signal level of -145 dBm/Hz and a maximum level of-135 dBm/Hz. The characteristics 
of these interference sources are given in Table 6-17. 
Type one interference characteristics 
Bandwidth Modulation Information type Origin 
10.1kHz FM Data transmission NSW, WA 
12 kHz FM Data transmission Australia wide 
16 kHz FM Telephony, 
Data transmission 
Australia wide 
Table 6-17. Australian region: 148MHz - 149 MHz type one interference source 
Figure 6-10 shows the channel occupancy mask for the frequency band from 149 MHz to 
150 MHz. The band is occupied mainly by type one interferers with a mean signal level of 
-145 dBm/Hz and a maximum level of -135 
dBm/Hz. Table 6-18 provides the characteristics 
of the two main types of system in operation within this band. 
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Australian region channel occupancy mask : 149 - 150 MHz 
Type 2 
Type 1 
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Table 6-18. Australian region: 149MHz - 150 MHz type one interference source 
There are also five type two interference sources shown on the diagram, only two of which 
originate from within Australia itself. The three interferers located at 149.050 MHz, 149.580 
MHz and 149.625 MHz originate from within South East Asia, and will only effect the 
communications environment as the satellite transits the northern most part of the regional 
footprint, as illustrated in Figure 6-11. 
"Australian Region" 
Chinese interference source 
Small overlap 
"Australian Region" 
IC 
149.505 MHz & 149.580 MHz 149.625 MHz 
Figure 6-11. Influence of Asian interference 
Figure 6-10. Australian region 149 - 150 MHz channel occupancy mask 
Type one into istics 
Bandwidth Modulation Information type Origin 
10.1 kHz FM Telephony Australia wide 
16 kHz i FM Telephony, Australia wide 
Data transmission 
Hong Kong interference source 
ý, ý 
Small overlap 
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The characteristics of the type two interference sources operating in this region are given in 
Table 6-19. 
1 ype two C 
ldentl ter tt re uenc tfanawiath 1e Power Location 
#1 149.5050 MHz - - - South East Asia (Hon _Kong) #2 
#3 
149.5800 MHz - 
149.6250 MHz - 
- 
- 
- 
- 
South East Asia (Hong Kong) 
South East Asia (China) 
#4 149.8375 MHz 12 & 16 kHz D, V 500 W Australia wide 
#5 149.8875 MHz 16 kHz D, V 500 W Australia wide 
Table 6-19. Australian region : 149MHz - 150 MHz type two interference source 
6.1.3 Global channel occupancy model 
Since usage of this band varies significantly across the world, the generation of a global 
channel occupancy model would is meaningless. It would show the operating frequency of all 
high level interference sources, but would not be representative of the environment seen in any 
one location. Using the in-orbit measurements it is possible to aid in the selection of 
frequencies for future satellites wishing to operate within this band. The normal process for 
selecting a space operations frequency would be to consult the literature in an attempt to find a 
channel that was unused by existing systems or that could be shared with a minimal amount of 
interference, and then apply for a license. Since this information is often difficult to obtain and 
ground based measurements provide an unrepresentative view of the environment, it is not until 
the satellite is launched and reaches orbit that the true operating conditions are observed. 
Assuming the proposed satellite is to operate in a similar orbit to FASat-Bravo, then the 
in-orbit measurements can be used to aid in this process, and provide a level of confidence in 
the chosen frequency. 
To select the best operating frequency, analysis is performed over the intended operating areas 
or, in the case of a global system, over the entire world. Geographic and statistical analysis 
allows the level in each channel to be compared, and the most suitable 
frequency to be selected. 
This is an intensive process that can be reduced by minimising the number of channels to 
be 
analysed, pre-selecting channels based on a particular criterion. 
This process can be 
demonstrated by way of an example. 
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6.1.3.1 Frequency selection example 
1. System parameters affecting the selection of operating frequency. 
- Primary operating regions : 
- Secondary operating regions : 
- Limitation on operating frequency : 
America, South Africa, United Kingdom 
Global 
149 MHz - 150 MHz 
- Ground terminal information : 
2. Pre-selection of channels for analysis. 
Low power ground terminal 
Low threshold : -150 dBm/Hz 
High threshold : -138 dBm/Hz 
- Restrict FASat-Bravo measurements to examine only channels between 
149MHz and 150 MHz 
Use terminal threshold levels to pre-select channels. 
Examine the percentage of time the signal level in each channel was observed to 
be above the threshold levels, selecting the channels with the lowest 
percentages for further analysis. 
30 000 
Measurements above a given threshold 
. Q -150 dBrWHz Threshold 
25.000   -138 dBm/Hz Threshold 
20.000 
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Figure 6-12. Example: Percentage observations above a given threshold 
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3. Geographic analysis of the pre-selected channels. 
- Geographic analysis will highlight potential hot spots. 
4. Perform regional statistical analysis on the pre-selected channels. 
- Allows observed signal levels to be compared for the different locations on 
each of the selected channels. 
Pre-selected channels : Signal level distributions 
100 
90 
80 " o . 70 
-US: 149.955 MHz 60 
; UK: 149.955 MHz 50 . 
40 SA : 149.955 MHz 
30 " -- "- US : 149.985 MHz i 
20 --- UK: 149.985 MHz 
10 ---- 5A: 149.985 MHz 
0 
O LO O LO O LO O LO O LO o LO O LO O .pp l() tCý ý' MMN r"' OO 
Signal Level (dBm/Hz) 
Figure 6-14. Example: Statistical analysis 
5. Selection of operating frequency. 
- The two pre-selected channels have a similar interference environment. 
149.955 MHz is however marginally better, and would therefore be the 
recommended frequency. 
Had the operating frequency been picked at random, then the environment in which the satellite 
would have had to operate may have been significantly different. If, 
for example, the chosen 
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frequency had been 149.775 MHz, then interference would have been a significant problem 
when operating over the United States of America, illustrates in the results presented in 
Figure 6-15. 
(A) Mean signal level I (B) Cumulative signal level distributions 
Figure 6-15. Example: Interference environment for 149.775 MHz 
6.2 Satellite based frequency selection algorithm 
To optimise the performance of the store and forward communications systems used on the 
Surrey microsatellites to exploit the frequency, geographic and temporal varying nature of the 
communications environment, a requirement exists for the satellite to have an on-board 
frequency selection algorithm or global frequency usage model. The objective of the model is 
to provide the satellite with prior knowledge of its environment, allowing it to select the 
optimum operating frequency autonomously given its position and time. 
6.2.1 Algorithm design 
6.2.1.1 Practical constraints 
As with the development of any spacecraft software, there are a number of practical constraints 
and considerations that must be taken into account during the development of such an 
algorithm. There are three main points, relating to memory, processor and communications link 
usage, all of which have a limited capacity. 
Memory requirements 
Due to the high cost of space qualified memory devices on-board computers are generally 
designed with the minimum amount acceptable to meet the requirements of the mission. 
Memory is therefore at a premium, and usage must be controlled to ensure that there is space 
available for the satellite to fulfil the main objectives of its mission. On a satellite such as 
HealthSAT-H any additional memory usage reduces the on-board storage for the satellites store 
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and forward communications system. Program, look-up table and temporary memory 
requirements must therefore be kept to a minimum. 
Algorithm complexity and execution time 
On-board processor resources are shared between a number of processes or tasks, many of 
which are essential for the safe operation of the satellite. The addition of complicated 
mathematical or processor intensive algorithms that would constrain the normal operations of 
the satellite are therefore undesirable. 
Communications time 
Should the algorithm require information to be passed to the groundstation, or require periodic 
updates, then satellite uplink and downlink capacity become an issue. On many of the Surrey 
microsatellites, for example, imaging and scientific payloads place a heavy load on the 
available downlink capacity, limiting the amount of capacity available for additional non- 
essential data. 
The available resources also vary with each satellite. Differences in design and mission 
requirements result in varying memory size, processor availability, and communications time, 
all of which need to be taken into account when developing the algorithm or model. Table 6-20 
and Table 6-21 provide a summary of the main practical constraints placed on algorithm or 
model development for the HealthSAT-II and FASat-Bravo satellites. 
T-II) 
HealthSAT-II Mission : Store and forward communications 
Memory Constraints : Memory space limited. 
Memory used to provide message storage. 
Additional usage reduces storage capacity. 
Processor Constraints : Shared on-board computer. 
Communications Constraints : Capacity available within the UK. 
- =1.2 Mbytes /day downlink capacity 
- =500 Kbytes /day uplink capacity 
Table 6-20. Practical constraints: HealthSAT-11 
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-- -- ----- --- ---- ----- -- ---- -- - ---- --- - ------- ----- ----- -- FASat-Bravo Mission : Earth Observation, Scientific, Store and forward communications 
Memory Constraints : Memory space available. 
- 128 MBytes solid state data store 
Processor Constraints : Shared on-board computer. 
Communications Constraints : Limited capacity available. 
- Shared with data intensive experiments 
- -300 kBytes I day downlink capacity 
- =500 kBytes /day uplink capacity 
Table 6-21. Practical constraints: FASat-Bravo 
6.2.1.2 General principles 
While the exact implementation of the frequency selection algorithms developed for use on 
HealthSAT-II and FASat-Bravo differ, the general principles behind them are the same. To 
minimise complexity and processing requirements, they have been designed around a global 
frequency usage model or look-up table. The algorithm uses position and time information 
supplied by the satellite, to extract the relevant frequency usage information from the table. 
Simple frequency usage model 
The frequency usage model or look-up table is generated by dividing the Earth into a number of 
x° bins, and then storing in each bin the relevant information for that particular geographical 
location, as illustrated in Figure 6-16. This simple model can be used to provide the satellite 
with information relating to the geographically varying nature of the communications 
environment in which it operates. 
[Look-up table] 
Entry' Frequency Information 
2345 45N, 20'E, Information 
2346 45'N, 25'E, Information 
2347 45'N, 30'E, Information 
2348 45"N, 35'E, Information 
2349 45'N, 40'E, Information 
2350 45°N, 45'E, Information 
2351 45'N, 50'E, Information 
2352 45'N, 55'E, Information 
2353 45'N, 60'E, Information 
2354 45'N, 65'E, Information 
2355 45°N, 70'E, Information 
Figure 6-16. Global frequency usage model (1) 
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The memory used by the look-up table is dependent on the resolution or bin size, and the 
amount of information to be stored for each geographical location. A table with 1° resolution 
for example, requiring 10 Bytes of information per entry would need approximately 632 Kbytes 
of storage space. There is therefore a trade-off to be made between the memory requirements 
of the look-up table, and the amount of information that can be stored for each location. 
Extracting information 
For the simple frequency usage model, only satellite position information provided by either the 
attitude control software or the GPS receiver is required to retrieve frequency usage 
information from the look-up table. The sub-satellite point latitude and longitude are obtained, 
converted into a pointer and the data retrieved. 
Attitude control software Latitude & Longitude 
or GPS receiver information 
5 5P 50°N. 1'E Frequency Selection Algorithm 
Coordinate [Look-up tobte] 
conversion Err, 
F,, 
gwn< 1nmFr 
451,54)N, 4513 3 50N3J. l1ir5s, 5, lnr", rwu-, m lnrormm. Frequency usage information 
., rW.:, een, rya51. 
4h15 bOP,. irF l, erm"v. m 
'yew -- -- 
for the geographical location 
50'N G'E 
451? 5'ISl, 100 
, 
Informm "m 
_ 
, 
4513 5"J, 15-1.1nfor 
4513 5ONN, 21A, 1nf3 ,- 
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Figure 6-17. Extracting information 
Enhanced frequency usage model 
The model can be enhanced to take into account the short-term time varying nature of the 
environment by expanding it to include information for different periods of the day. Instead of 
a single look-up table, the model now consists of a number of tables, each containing the 
information for a particular time period. The spacecraft clock, generated by either the on-board 
computer or GPS receiver, is then used to select which of the tables is used at any given 
instance. 
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Figure 6-18. Global frequency usage model (2) 
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6.2.1.3 Look-up table or model contents 
The look-up table contents or the information stored within each geographical bin is dependent 
on the satellite being used, and the available storage space. A number of different models have 
been developed for use with HealthSAT-II and FASat-Bravo, three of which are presented 
below. 
HS-II single bit per cell model 
The simplest of these models was developed specifically for use with HealthSAT-II. The 
satellite has two fixed frequency up-link communication channels at 149.825 MHz and 
149.875 MHz. A single bit is used to indicate which is the preferred operating frequency for 
each of the geographical bins, as illustrated in Figure 6-19. 
1 bit 
0= 149.825 MHz 
1 149.875 MHz 
Figure 6-19. HS11: Single bit per cell model 
HS-II eight bit, preferred frequency and percentage model 
The model can be improved by increasing the number of bits used in each cell to store the 
frequency usage information. 
8 bits 
X_XýX{XiXIX_ý 
Percentage likelihood 
0- 100 % 
Preferred frequency 
0= 149.825 MHz 
1= 149.875 MHz 
Figure 6-20. HSII : Eight bits per cell model 
Increasing from one to eight bits allows the model to store additional frequency usage 
information, as illustrated in Figure 6-20. The first bit defines the preferred operating 
frequency, and the remaining seven bits indicate the percentage of time that the given 
frequency 
is better than the other. This allows the satellite not only to select the operating frequency, but 
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also to determine the likelihood that one channel will be better than the other, making it suitable 
for use in the HealthSAT-H interference avoidance algorithm. 
FASat-Bravo preferred operating frequency model 
Unlike HealthSAT-II, the FASat-Bravo microsatellite has the ability to select a wide range of 
operating frequencies. The on-board frequency selection model is therefore more complicated, 
since there is no longer the simple choice of two frequencies. The model contains a list of 
preferred operating frequencies for each geographical bin, as illustrated in Figure 6-21. 
Preferred frequency list 
Entry Operating frequency 
1 149.885 MHz 
2 148.705 MHz 
3 148.695 MHz 
4 149.000 MHz 
5 149.015 MHz 
6 148.505 MHz 
7 148.490 MHz 
N-1 148.005 MHz 
148.020 MHz JI 
Figure 6-2 1. FASat-Bravo : Frequency selection model illustration 
The order in which the operating frequencies are stored is based on their relative probability of 
interference. Entry one has the least probability of interference, followed by entry two, entry 
three and so on, down to entry N, which has the highest probability. This allows the satellite to 
select the preferred frequency of operation, and in the presence of interference to continue 
down the list selecting channels which are the most likely to be free from interference. 
Storage requirements 
The on-board storage requirements of this model can become very large if resolution is low 
and/or the number of frequencies stored in each list is high. The total memory requirement `S' 
in bits, is given by 
S=(64800. R)"L Eq. 5- 1 
where `R' is the resolution of the model, and `LS' is the number of bits required to store the list 
of frequencies. To minimise the requirement for memory, numbers are allocated to each of the 
channels within the frequency range, avoiding the requirement to store the physical frequency, 
and only a sub-set `X' of the total number of channels `N' are stored in the list, as illustrated in 
Figure 6-22. 
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Preferred frequency list 
'M' bits 
'X' Frequencies 
Xi XX.... 
X !XX, ..... . 
'X XX...... 
xixx 
Figure 6-22. FASat-Bravo : Frequency selection model 
The total memory requirement `S' is therefore given by 
S=(64800"R)"X"M Eq. 5- 2 
An on-board frequency selection model for the `Little-LEO' band for example, with 1° 
resolution, 137 channels in total, and a list of 16 frequencies per bin, would require 
approximately 1 Mbyte of memory. 
6.2.1.4 Model generation 
There are many ways in which the frequency usage information required for both the 
HealthSAT-H and FASat-Bravo models can be generated, all of them having a number of 
advantages and disadvantages. The optimisation of the model generation algorithm has not 
been considered during this research programme. Instead a single algorithm has been devised 
that can be used to generate the data required for both the HealthSAT-II and FASat-Bravo 
models. 
`N' Channel model generation algorithm 
The algorithm is based on the assumption that the channel with the lowest received signal 
strength measurement is the least likely to be affected by interference and the channel with the 
highest is the most likely. The actual signal levels and interference probabilities are of little 
consequence: what is important is that on any single scan, one frequency can be defined to be 
better than another, and that with `N' channels they can be listed in order of preference. 
Equating signal level to probability of interference in this way allows the channels to be sorted 
in order of signal strength, thereby producing a list of channels in order of relative probability. 
John Paffett Page 172 of 223 Models and algorithms 
VHF band interference measurement, analysis and avoidance 
A block diagram and detailed description of the algorithm is provided below. 
Start 
Define temporary Sort scan into 
storage arrays order of relative j 
probability 3 
Get single scan for 
measurement data Update temporary 
set arrays 
Cakulate satellite IItG 
position, locate 
2 geographical bin 
Update temporary 
arrays 
4 
End of 
data set 
Yes 
frequency list 
End 
Define temporary Sort scan into 
storage arrays order of relative 
probability 3 
Figure 6-23. Algorithm block diagram 
ý 
1. For each geographical bin, an `N' element by `N' element temporary storage array is 
generated. The array is used to store the position or probability occurrence information for 
each of the `N' channels. 
'N' Elements 
Channel number 
0123.......... N-1 
N Elements 
Posmon in scan 
0 
i 
2 
3 
N-1 
Figure 6-24. Temporary storage arrays 
2. A single scan is retrieved from the in-orbit measurement data set. Using the time field, the 
sub satellite position is calculated, and the scan is attributed to a single geographical bin. 
On-orbit measurement scan 
Timt Cho Chi Ch2 Chi ChN-1 _L-1_ 1 1- 
"S6p4" 
Orbit propagator 
--____U2- __.. _-___... 
1N 1T 
13J 
ý-___-_-1ý_ 
I 
-170 
OA Chi a2 Ch CM C67 Ch, CF7 
Figure 6-25. Attribution of scan to geographical bin 
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3. The scan is sorted in' order of signal level. 
-120 
-130 
-140 
-150 
-160 
-170 
-133 
-150 -149 
-154 -153 TT 
Ch4 Ch5 Chi Cho Ch6 Ch2 Ch7 Ch3 
Lowest probability Niltest probabili ty 
of interference .............................. of interference 
Figure 6-26. Ordered channels 
4. Sorting the scan places the channel numbers in order of relative probability. The temporary 
storage array is then updated by incrementing the cell for the corresponding position and 
channel number, as illustrated in the diagram below. 
Channel number 
01234567 
o 419 0 0_314,, 00 
1S7ä-1 t3 10 
2 6; 2 192000 
3 0; 1 51 218.1 2 
50941 
i0 13 
} ý' 
1 
10 56 71 200 
x61000 113 96 
7L00 030.8 9 
Temporary storage array 
contents after being updated 
with twenty scans. 
21st scan, sorted in order of signal level 
-120 ------T-- 
-1 
-130 
-133 
-140 -142 
-150 -14 
149 
_154 -153 
-160 -163 
-170 
Position 01234567 
Channel Ch Ch5 Chl Cho Ch6 Ch2 Ch7 CO 
Channel number 
0 1 2 3 4 5 6 7 
0 4 9 0 0 4 4 0 0 
6 7 0 0 1 4 1 0 
2 6 3 1 9 2 0 0 0 
3 1 . - - 1 5 1 2 8 1 2 
4 1 1 9 4 1 0 2 3 
5 0 0 6 6 7 2 0 0 
6 
_1 
0 0 0 1 3 9 7 
7 0- 0 0 1 3 0 8 9 
Update array, incrementing the 
position field for each of the 
012345 channels. 
0ý4 910L0,4 4 
187 00i 13 
2b 2T1 19T2,0-11 
Figure 6-27. Updating temporary storage array 
5. Once the entire data set has been used to update the temporary storage array, the frequency 
usage information can be generated for the various models. Two examples are illustrated in 
the following diagrams. The first, Figure 6-28, shows the generation of the preferred 
frequency list for the FASat-Bravo model. The second example, Figure 6-29, illustrates the 
generation of the preferred frequency and percentage information required for the 
HealthSAT-II models. 
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Channel number 
0 
C1 
N2 
3 
C 
04 
N5 
0 
7 
Preferred frequency list 
Entry ! Operating frequency 
o Channel #1 
I Channel #0 
2 Channel #3 
3 Channel #5 
41 Channel #2 
5 Channel #4 
6 Channel #6 
7 Channel #7 
Figure 6-28. Generation of FASat-Bravo preferred frequency list 
Channel number 
° 0__ 
0 10987 1 401-1 10 10987 4 011 q 
4013 , 10987 14 013 
110987 
Number of scans = 15,000 Cl- 
100_*10987=73% 
15000 
73 = 1001001 
Figure 6-29. Generation of HealthSAT-11 frequency usage information 
6.2.1.5 Model maintenance 
It is important once a model has been developed that it is maintained. The communications 
environment may change over a period of time, and as such the validity of the model will be 
questionable if it is not routinely updated. To perform such a task, the satellite must continue 
to perform measurements of the environment, or measurements from another satellite in a 
similar orbit may be used. 
Groundstation administered maintenance 
In this scheme in-orbit measurements of the global environment are performed, the data being 
retrieved on passes over the command groundstation. Periodically this information is processed 
and a new frequency selection model generated, which is in turn uploaded to the satellite to 
replace the existing version. 
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Figure 6-30. Groundstation administered maintenance 
The updated model is then 
uploaded to the satellite 
There are a number of advantages for performing the data processing and model generation on 
the ground. The measurements may originate from any satellite, so long as it operates within a 
similar orbit. This allows a model to be created and used on a satellite that does not have the 
ability to perform the in-orbit measurements itself. The complexity and storage requirements 
for the model generation algorithm are also unconstrained, as computers used to perform the 
task are readily available, and can be easily upgraded if additional resources are required. 
The biggest disadvantage of this technique is that it requires communications link capacity, 
both to download the in-orbit measurements and also to upload the updated model. 
Autonomous maintenance 
Assuming the satellite has the ability to perform in-orbit measurements and has sufficient 
memory and processing capacity, then the in-orbit frequency usage model can be maintained 
autonomously. The satellite performs measurements of the environment and then automatically 
uses the information to update the frequency usage look-up table. This overcomes the 
requirement for satellite communications link capacity, but assumes that the algorithm can meet 
the memory and processing constraints imposed by the satellite on which it will operate. 
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containing the time, sub-satellite f 
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position and on-orbit measurement 
using the supplied information 
Figure 6-31. Autonomous maintenance 
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Neither of these techniques is suitable for use on all satellites, and the selection depends largely 
on the resources available on the satellite on which it will be used. The groundstation 
administered maintenance scheme, for example, is ideally suited for use with HealthSAT-H, 
since communications link usage is not critical, but memory and processor resources are 
limited. The autonomous maintenance scheme, however, is better suited for use with FASat- 
Bravo, which is communications link capacity limited, but has available memory storage and 
processing capacity. 
6.3 Summary 
This chapter has examined the use of in-orbit measurements in the development of algorithms 
and models for channel occupancy, frequency usage or interference environment for the 
Little-LEO VHF frequency band. The regional channel occupancy models presented for the 
European, North American and Australian regions show the location, level and characteristics 
of all major interference sources, allowing the environment for a system proposing to operate in 
this band to be determined. Due to the limitations of the measurement payload the models are 
unable to provide detailed temporal information, but instead they provide a representative view 
of the long-term channel occupancy in the region. 
The generation of a global channel occupancy model has been discussed noting that the result 
would be relatively meaningless, as it would show the presence of all high-level interference 
sources, but be unrepresentative of the environment in any single location. Instead a technique 
has been described for use of the FASat-Bravo data in the selection of a suitable operating 
frequency for a future satellite wishing to operate in a similar orbit. Using in-orbit 
measurements reduces the likelihood of selecting a heavily occupied channel, thereby 
minimising the chances of severe degradation to the proposed communications system. 
The final section of this chapter has discussed the generation and maintenance of on-board 
frequency selection models or algorithms, which provide the satellite with the ability 
autonomously to select the operating frequency, depending on location and time of 
day. While 
these algorithms have been specifically developed for use with the interference avoidance 
algorithm discussed in the following chapter, the techniques are equally applicable 
for use with 
other systems. 
John Paffett Page 177 of 223 
Models and algorithms 
VHF band interference measurement, analysis and avoidance 
7 Practical applications and interference avoidance strategies 
The original premise of this research was to show that interference is a significant cause of 
degradation, and that exploitation of the frequency, geographic and temporal varying nature of 
the environment would allow the performance of a digital store and forward satellite 
communication system to be improved. The value and importance of this work has exceeded 
this original goal, and been used, not only in the development of an interference avoidance 
scheme, but also in a number of other commercial applications. The measurements and results 
have aided in both the system design of the E-SAT constellation, and the European regulatory 
issues relating to the introduction of the Little-LEO systems into this band, both of which are 
discussed in detail in this chapter. 
The chapter also examines an interference avoidance strategy which can be used to improve the 
performance of conventional fixed frequency satellite communications systems operating in 
this band. While these techniques have been tailored to meet the requirements of the Surrey 
microsatellite platforms, the techniques are nevertheless equally applicable to other systems. 
7.1 Practical applications 
7.1.1 The E-SAT `Little-LEO' constellation 
In 1992 the experimental S80/T microsatellite, built on behalf of the Centre Nationale 
de'Etudes Spatiales (CNES), by Matra Marconi Space, Dassault Electronique and Surrey 
Satellite Technology Limited was launched to perform communications experiments within the 
then proposed WARC'92 Little-LEO VHF band [7]. The satellite was designed to perform in- 
orbit measurements and proof of concept demonstrations for the proposed French S80-1 
constellation. 
During the period from 1992 until 1995, the satellite performed a number of measurement 
campaigns, examining the interference environment over various geographical regions [107]. 
Due to the commercial and political sensitivity of the information the results remain a closely 
guarded secret, only accessible to a limited number of French organisations. 
In an attempt to benefit from this knowledge a number of the systems originating from outside 
France have chosen to contract the design, development and manufacture of their satellites to 
one of the major French manufacturers. Starsys was the first company to do this but, allegedly, 
due to problems in meeting its business objectives, never proceeded past the preliminary design 
phase [8]. In August 1997, Starsys returned its license to the Federal Communications 
Committee [60]. 
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In March 1998, another system originating from the United States, E-SAT, was granted a 
license to develop a constellation of satellites for operation in this band [61,63]. Again the 
system uses spread spectrum, and to benefit from the knowledge and experience gained from 
the S80/T mission has contracted the French company Alcatel Space Industries (ASI) to 
perform the design and development of the entire communications system [49]. 
7.1.1.1 Market and system objectives 
The goal of the E-SAT system is to provide a low-cost data messaging service, using a 
constellation of six low Earth orbit satellites, which will enable businesses to gather data 
economically from fixed devices located in hard-to-access locations. The system is intended to 
provide non real-time data messaging services for the energy industry including gas and 
electrical utilities and water agencies, as well as for vending machines and environmental 
monitoring stations throughout the world. The satellites provide the ability to perform on- 
demand and periodic data collection, remote control, and event reporting services. 
7.1.1.2 Regulatory requirements 
The VHF band frequencies allocated for use by the Non-Voice Non-Geostationary Mobile 
Satellite Systems (NVNG-MSS) such as E-SAT, are granted under the condition that the 
service will operate without causing harmful interference to the existing terrestrial and satellite 
systems [87]. In addition to this, the allocated spectrum must also be shared between a number 
of Little-LEO systems, requiring careful co-ordination and spectrum planning so as to minimise 
the potential for interference. To facilitate sharing, a number of mitigation techniques, 
including terminal transmission burst length and duty cycle restrictions have been adopted, and 
several interference avoidance strategies have been developed. 
Dynamic channel allocation and spread spectrum 
The current Little-LEO constellations employ two different techniques in order to allow co- 
existence with the existing terrestrial and satellite systems. 
Dynamic channel allocation 
This is a narrow-band transmission technique which can be considered to be a form of 
frequency division multiple access (FDMA). The scheme works by examining or scanning the 
spectrum, identifying channels that are not actively being used, then allocating the free 
channels for use by the terminal. The terminal transmission frequency is therefore dynamically 
allocated depending on the instantaneous local interference environment or terrestrial usage. 
The Orbcomm system uses a technique based on this principle, known as the Dynamic Channel 
Activity Assignment System (DCAAS) [20,139]. 
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Spread spectrum transmission 
The other technique that can be used does not rely on the satellite being able to identify the 
presence of active channels. Instead it spreads the transmission across the entire allocated 
bandwidth, reducing the power density in any given channel to a level that does not cause 
harmful interference to the existing systems. Terminal transmissions all occur at the same 
frequency and the effects of interference can be quantified. The technique also has the 
advantage that it is not reliant on the ability of the satellite to detect terrestrial systems to avoid 
causing interference. 
Sharing and co-ordination 
To obtain an operating license, the constellations must co-ordinate their usage with existing 
services and other satellite systems in each of the proposed regions. Only once this co- 
ordination process is complete may they be permitted to enter into service. This requires the 
systems to enter into lengthy sharing and compatibility studies with the various regulatory 
agencies and groups [21,22,24,32,33,139,140]. 
To facilitate the operation of multiple Little-LEO constellations within the allocated frequency 
band, the United States Federal Communications Committee has set forth a spectrum band plan, 
allocating the usage of uplink and downlink frequencies for each of the proposed constellations 
originating from within the United States [60]. 
FCC 'Little-LEO' uplink frequency allocations 
Orbcomm 
VITA 
LEO-One 
Final AncIys 
E-5AT 
Frequency (MHz) 
Key 
SSMA " Orbcomm to move feeder link allocation 
LiJ TDMA / FDMA to 150 MHz to 150.05 MHz 
f__ f Feeder Links i Can not be used until Orbcomm move 
feeder link 
Figure 7-1. FCC "Little-LEO" uplink band plan 
To become operational the E-SAT system is required to co-ordinate the usage of its uplink 
frequency allocation with both the terrestrial and satellite systems operating in the proposed 
service areas and also a number of the other Little-LEO constellations. In the downlink band 
the satellite transmitter power is below the -125 dBW/m2/4kHz co-ordination threshold set out 
in Resolution 46 of the ITU regulations, and as such co-ordination is not required [88]. 
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7.1.1.3 System description 
Overview 
The baseline E-SAT system comprises of a constellation of six satellites, a gateway Earth 
station located on Svalbard Island, and a number of service areas located throughout the world. 
The design of the communications system is based around a non-regenerative spread spectrum 
store and forward communications payload. 
`r 
Upload terminal 
polling instructions 
IIi:?, tip.. 
rninal d6i, 
pole terminals on passes 
over service area 
Terminals transmit 
information 
J 
"yd' e®sJ 
Service area 
cteihte orbs' 
Satellite retransmits 
terminal data 
Gateway earth station 
Key : 
Narrow band feeder uplink 
Spread spectrum feeder downlink 
Spread spectrum service links 
Figure 7-2. E-SA T store and forward system 
Terminal polling information and payload activation plans are first uploaded to the satellite on 
passes over the gateway Earth station. This information allows the payload to be configured, 
and provides details of which terminals need to be polled in any specific service area. On 
passes over the desired region, the polling information is modulated and transmitted to the 
terminals. The terminals polled then respond with a burst of information. The system is 
designed to handle simultaneous transmissions from up to thirty terminals. 
The satellite operates a non-regenerative store and forward payload which samples, filters and 
stores all the signals contained within the uplink band during passes over a given service area. 
On passes over the gateway Earth station, the stored waveform is then amplified and 
retransmitted. In the groundstation the retransmitted signal is received and demodulated. 
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Frequencies 
The E-SAT frequency allocations as granted by the Federal Communications Committee are 
summarised in the table below. 
E-SAT frequency allocations 
Frequency_ Descption 
148.000 MHz - 148.855 MHz Wide-band uplink 
Terminal to satellite service link 
148.855 MHz - 148.905 MHz Narrow-band uplink 
Telecommand channel 
Feeder uplink 
137.0725 MHz - 137.9275 MHz Wide-band downlink 
Satellite to terminal service link 
Satellite to gateway Earth station feeder link 
Satellite to groundstation telemetry channel 
Table 7-1. E-SA T frequency allocations 
Modulation and coding 
Table 7-2 summarises the modulation and coding used on both the inbound link, from satellite 
to terminal, and on the outbound link, from terminal to satellite. 
E-SAT modulation and coding 
Inbound link I 
-- 
Useful data rate : 800 bps__ 
Coding : 
r '/z rate Viterbi 
Spreadi code modulation : BPSK 
Chipping rate : 569.6 kcps 
S reading ratio : 356 
Multiple access : DS-SSMA 
Burst length : 450ms 
Final modulation : MSK 
Outbound link Useful data rate : 4800 bps- 
Codi_ 'h rate Viterbi 
Spreading code modulation : BPSK 
Chipping rate : 604.8 kcps 
Spreading ration : 63 
Multiple access SS-TDMA 
i Final modulation : MSK 
Table 7-2. E-SA T modulation and coding 
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7.1.1.4 E-SAT store and forward communications payload description 
The main components of the E-SAT store and forward communications payload are shown in 
the block diagram below. The satellite has a single VHF band payload antenna, which is 
diplexed to allow simultaneous transmission at 137 MHz to 138 MHz, and reception at 
148 MHz to 149 MHz. 
Payload antenna 
Uplink : 148 - 149 MHz 
Downlink: 137 - 138 MHz 
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VNF wide bond Anoloque to digrtnl 
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Figure 7-3. E-SA T store and forward payload block diagram 
The payload contains two chains; the first performs the wide-band non-regenerative inbound 
store and forward functions, and the second the narrow-band feeder link demodulation and 
wide-band modulation required to generate the outbound terminal polling messages. The 
payload has three operating modes, gateway Earth station mode, service area mode and standby 
mode. 
Gateway Earth station mode 
Receive narrow band Retransmit sampled 
feeder link signal. terminal signals. 
Key 
r 
Recept on -----"--- Rem w path -i Transnission Tra it path 
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Figure 7-4. E-SAT payload : Gateway Earth station mode 
On passes over the gateway Earth station, the payload receives narrow-band feeder link data, 
containing terminal polling information needed for subsequent passes over the service areas. 
The data is received, demodulated, verified and then stored in memory. At the same time, the 
content of the store and forward memory is converted back into an analogue signal, amplified 
and then retransmitted. On the ground, this satellite transmission is received and demodulated, 
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the terminal data is extracted and sent to the communications centre, where it is then charged 
and passed on to the relevant customer. 
Service area mode 
In this mode of operation, terminal polling messages stored in the payload memory are 
retrieved, coded, spread spectrum modulated and then transmitted. Any terminals within the 
satellite footprint addressed by the polling sequence respond with a 450ms burst of terminal 
data. At the same time, the wide-band store and forward section of the payload is used to 
sample and store the uplink signal. 
Receive terminal 
transmissions 
Transmit terming 
polling messages 
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Figure 7-5. E-SAT payload : Service area mode 
The frequency band in which the system operates however is heavily utilised by other terrestrial 
and satellite systems, consequently additional processing of the sampled uplink signal is 
required to minimise the effects of the narrow-band jammers or interferers. The uplink signal is 
therefore sampled, passed through a frequency domain adaptive filter to remove high level 
interference, and then stored in memory. 
Frequency domain adaptive filter (FDAF) 
The presence of high level interference has two effects on the performance of the store and 
forward payload, which can be minimised by use of the frequency domain adaptive filter 
technique. 
1. The store and forward payload is designed to amplify the transmitted signal to a level that 
meets the regulatory constraints for satellite transmit power flux density. If high level 
signals remain in the output spectra, the gain of the amplifier is reduced to maintain this 
limit. Removal of the unwanted high level signals before amplification is therefore 
beneficial, as it allows the amplifier gain to be increased, and therefore improves the signal 
level of the retransmitted terminal signals. 
Key 
Reception --- Recave path 
Transmamon Transmit path 
Not used 
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2. During the spread spectrum demodulation process, narrow-band interference becomes 
spread, and adds to the total noise level. Since the wanted terminal transmission levels are 
fixed, the addition of noise will reduce the Eb/No at the demodulator, and therefore 
increases the final bit error rate of the system. Removal of the high level interference is 
again beneficial, since it reduces their contribution to the demodulator noise floor, and 
therefore their effect on the overall system bit error rate. 
Frequency domain adaptive filter (FOAF) 
148 - 149 MHz Analogue to Fast Fourier Inverse Foci 
_j 
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Threshold level { 
Ii 
I Spectrum of up link band, z Threshold level set, '. 3 Up link spectrum with all high 
including narrow band jammers signals above which are nulled level narrow band interferers removed 
Figure 7-6. Frequency domain adaptive filter 
The frequency domain adaptive filter works by first performing an N-point Fast Fourier 
Transform (FFT) on the sampled uplink signal. A threshold level is then defined, and any of 
the FFT bins above the threshold level are nulled. While removal of spectral components in 
this way will inevitably add distortion to the final waveform, the effect is minimal in 
comparison to that of the high level interference itself. An inverse Fast Fourier Transform is 
then performed on the processed spectra, and the resultant waveform stored in memory. 
Filtering out the high level signals in this way also removes parts of the wanted spread 
spectrum terminal transmission and therefore causes an amount of degradation. The extent of 
the degradation is dependent on the percentage of the bandwidth removed, and the relative 
location of the removed portions, the centre of the band being more sensitive than the edges 
[33]. Removal of fifty percent of the bandwidth for example results in a loss of approximately 
6dB, but the losses increase exponentially after this point. 
Standby mode 
During periods where the satellite is neither over an active service area nor over the gateway 
Earth station, the payload is placed in standby mode. In this mode power is only supplied to the 
memories, allowing data to be retained, but power consumption to be minimised. 
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7.1.2 E-SAT system design assistance 
The in-orbit measurements, analysis, results and findings of this research have been used 
in a number of ways to assist in the system design of the E-SAT communications system, 
the three uses of most significance being 
- Service area capacity estimation 
- Gateway Earth station design 
- Identification of potential service areas 
7.1.2.1 Service area capacity estimation 
To determine the service area capacity or maximum number of simultaneous terminal 
transmissions, simulations are performed using data obtained from the S80/T interference 
environment measurement campaigns. 
Co-user 
Co-user " No 
Spread spectrum Thermal noise I transmission 
Users 
Spread spectrum ý--11P 
transmission 
Environment 
Modified 580 
data files 
FDAF " Despreading Demodulation ------> it error rate 
Threshold 
Figure 7-7. System capacity simulation model 
This allows the frequency domain adaptive filter threshold level and number of co-users to be 
optimised for a specific geographical region. While the S80/T measurements provide the 
temporal information required to perform these simulations, the measurements are now 
somewhat dated, and can not be relied on to be representative of the current interference 
environment. The results from the FASat-Bravo measurement campaigns have therefore been 
used to verify the validity of the S80/T results, and in the case of difference, have been used to 
modify the data set. 
Comparison of results 
In order to compare the FASat-Bravo and S80/T results, a conversion needs to be performed to 
compensate for differences in satellite altitude, antenna gain, and measurement units. To 
convert the FASat-Bravo measurements 'PFSB', from units of power (dBm/Hz) into power 
flux 
density (dBW/m2) at the S80/T altitude, the following conversion is required. 
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FASat-Bravo unit conversion 
PFD(dBW/m2) = PFSB(dBm/Hz) - 30 dB " Conversion dBm to dBW 
+ 60 dB " Conversion 1 Hz to 1 MHz 
+5 dB " (4n/ß, 2) 
+1 dB " FASat mean antenna gain 
- 1dB " Altitude and S80/T antenna gain 
correction 
Table 7-3. Measurement unit conversion 
United States regional data set 
During March 1996, measurements of the American interference environment were performed 
using the S80/T microsatellite. Table 7-4 shows a comparison of the results obtained from both 
this and the FASat-Bravo measurement campaigns. 
US interference environment 
Day Night 
S801T FASat S801T FASat 
50% -104 dBW/m2 -107 dBW/m2 -107 dBW/m2 -109 dBW/m2 
90% -102 dB W/m2 -102 dB W/m2 -105.5 dB W/m2 -104 dB W/m2 
100% -99 dB W/m2 -98 dB W/m2 -101 dB W/m2 -100 dB W/m2 
Table 7-4. Interference level comparison US region 
The cumulative signal strength distributions, and channel occupancy results generated from the 
two campaigns and the summary of results presented in the table above correspond very well, 
confirming the validity of the S80/T interference environment data set for this geographical 
region. This allowed the system capacity simulations to be performed with the original S80/T 
interference environment data set. 
European region data set 
The S80/T measurements of the European interference environment on the other hand, were 
performed during 1992, and since that time the interference environment has changed. 
European interference environment 
Da y JvI nt 
S801T FASat S801T FASat 
50% -101.5 dB -107.5 dBW/m2 -107.5 
dBW/m2 105 dBW/m2 
90% _ -98 dBW/m2 -96 dBW/m2 -103 
W/mz -98 dBW/m2 
100% 2 -96 dB W/m -92 dB W/m2 -93 
dB -98 dB W/m 
2 W/m2 
Table 7-5. Interference level comparison European region 
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The results show a slight increase in the signal levels between the two measurement campaigns, 
but what is more important is the addition of a fourth high level interference source located at 
148.425 MHz. 
Analysis of the FASat-Bravo measurements confirmed the characteristics of the new signal to 
be similar to that of the other pager systems located within the band. The original S80/T 
environmental data set was therefore modified to take into account the addition of the fourth 
high level interference source, allowing system capacity simulations to be performed with the 
modified data set. 
7.1.2.2 Groundstation design : Narrow-band uplink 
While the North and South poles would theoretically provide the optimum groundstation 
location for a constellation of low Earth polar orbit satellites, such as E-SAT, the practicality of 
actually doing it and operating them makes the option infeasible. The primary E-SAT gateway 
Earth station is therefore located on Svalbard Island, in the Arctic Ocean. The Island, located at 
79° North, is the most Northerly habitable area, and provides the ideal location for fulfilling the 
E-SAT communication system requirements. At this latitude, the groundstation has 14 passes 
and approximately 130 minutes of visibility with each of the satellites, in any one day. 
Operations 
On passes over the gateway Earth station, the contents of the store and forward memory are 
downloaded and demodulated, and terminal polling information is up loaded to the satellite. 
r 
r 
1 
"Narrow-band" 
Upload terminal 
polling instructions "Wide-band" 
Download contents 
of store and forward 
memory 
Gateway earth station 
Figure 7-8. Gateway Earth station operations 
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While a separate frequency allocation was granted for a narrow-band uplink channel, no such 
allocation was made for the downlink. In order for the platform to provide feeder link 
acknowledgements, and retransmission requests the downlink frequency allocation is shared. 
Simultaneous operations are not permitted, and downlink priority is given to the payload 
operations, so narrow-band transmissions are only performed when the satellite is at a low 
elevation. 
Store and forward payload 
data download 
Feeder link acknowledgments ""ý ". " :.,., .. "''" Feeder link acknowledgments 
i 
Gatewcy, rcrth station 
Figure 7-9. Sharing satellite downlink 
The narrow-band uplink and downlink communications system is based on the standard 9600 
baud shaped frequency shift keying scheme, used on many of the Surrey satellites, and 
discussed in chapter two. The satellite's receiver is similar in design to the frequency agile 
receiver used to perform the FASat-Bravo measurements. 
The narrow-band uplink protocol has been designed to operate blindly, without 
acknowledgement for the majority of the pass, with acknowledgements and retransmission 
requests being made at the beginning and end of each pass over the station. To minimise the 
potential for incorrectly received terminal polling messages, and to minimise the number of 
retransmissions, the groundstation equipment must be designed to provide communications to 
the satellite with a low bit error rate. 
Groundstation uplink design 
The E-SAT platform receiver system is similar in design to the experimental frequency agile 
receiver flown on FASat-Bravo. Making use of the FASat-Bravo in-orbit measurements ideally 
suited for aiding in this design process. Instead of basing the groundstation design on 
conventional link budget analysis alone, in-orbit measurements can be used to represent the 
actual environment seen as the satellite transits the proposed groundstation location. This 
allows the design to be performed taking into account the real interference environment. 
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FASat-Bravo Svalbard results 
Statistical analysis was performed on the FASat-Bravo global data set for the geographical 
location of Svalbard Island, Latitude 78.22° North and Longitude 15.34° East. Five channels 
span the uplink frequency allocation from 148.855 MHz to 148.905 MHz, as shown in the 
graph and table below. The quantitative figures for mean, maximum, 10%, 50% and 90% level 
can be used to define either an interference noise level 'NINT' or temperature `TINT' which may 
then be used in the link budget analysis. 
Signal distributions : Svalbard Island, Arctic Ocean 
100 
90 
. -. 80 
70 
60 148.845 MHz 
50 148.860 MHz 
40 148.875 MHz 
30 148.890 MHz 
20 148.905 MHz 
10 
0 
o 
ýo 
oý o00 
Signal Level (dBm/Hz) 
Figure 7-10. Signal strength distributions : Svalbard Island 
Summary of results : Svalbard Island 
148.845 I 148.860 148.875 148.890 148.905 Units 
Maximum 
-131.2 -131.4 -124.5 - 131.2 -121.9 dBm/Hz 
Mean 
-148.8 -147.7 -145.4 - 148.6 -142.8 
dB m/Hz 
Geometric mean 
-157.2 -156.2 -156.0 -157.9 -153.3 
dBm/Hz 
Minimum 
-165.5 -166.5 -166.7 - 166.5 -166.5 dBm/Hz 
10% 
-164.9 -165.7 -165.7 - 166.1 -165.6 
dBm/Hz 
50% 
-162.4 -160.6 -161.0 - 163.5 -156.5 
dB m/Hz 
90% 
-145.4 -143.9 -142.3 
J_- 144.9 -139.7 dB m/Hz 
Table 7-6. Channel statistics 
In the link budget analysis presented on the following page, the 90% signal level results are 
used to define the interference level for this particular geographical location. As the uplink 
frequency may be in any of the five channels, the highest level -139.70 dBm/Hz is used 
throughout the analysis. 
John Paffett Page 190 of 223 Applications 
VHF band interference measurement, analysis and avoidance 
Uplink budget analysis 
Figure 7-11 shows the communication system parameters which are of importance for 
performing the uplink budget analysis. 
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Figure 7-11. Uplink budget analysis 
Table 7-7 provides a summary of the main parameters of the uplink communications system, 
and Table 7-8 provides a detailed link budget for the groundstation uplink design. 
Transmission parameters 
Uplink frequency 148.900 MHz (148.855 - 148.905 MHz j 
Data rate 9600 baud 
Modulation SFSK 
Bandwidth 15 kHz 
Required bit error rate 1x 10-1 
Required Eb/No 14.7 dB 
Table 7-7. Uplink transmission parameters 
The in-orbit measurements of the Svalbard interference environment are used to modify the 
satellite receive system noise temperature, and in turn the G/T of the receiver and the C/No of 
the uplink communications channel. The 90% signal level is used to provide a quantitative 
value for interference power density `I, '. The interference level used in this instance is 
-139.70 dBm/Hz. 
The presence of interference at the antenna of the satellite can be treated as an additional noise 
source with a corresponding noise temperature `TINT' given by 
I0=k"TINT'B 
Eq. 6- 1 
where `k' is Boltzmans constant (-228.6 dBW/Hz/K) and `B' is the bandwidth of the 
transmission (15 kHz). 
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Groundstation uplink budget analysis 
Description Name 
Elevation angle (°) A 0 30 60 90 
Altitude (km) r 825 825 825 825 
Range (km) Rng 3347.29 1434.21 935.09 ý 825.00 
Frequency (MHz) Fre 14 8.9 14 8 =. 9- 14 8.9 14 8.9 
Transmit power (dBW) PT 25 25 25 25 
Losses (dB) Lr 2 2 22 
Antenna gain (dBi) GT 14 14 14 14 
Transmit EIRP (dBW) EIRP- 3 6.8 8 3 6.8 8 3 6.8 836.8 8 
Free space loss (dB) LFSL 146.40 139.04 135.32 134.24 
Atmospheric loss (dB) L, 2.5 2.5 2.5 2.5 
Received Isotropic Power (dBW) RIP -113.38 -103.54 -99.69 -98.59 
Satellite antenna Cain (dBi) G. 1.80 2.20 3.20 3.70 
Antenna noise temperature (K) TANT 290 290 290 290 
Feeder losses (dB) LF 0.942 0.942 0.942 0.942 
Feeder temperature (K) To 290 290 290 290 
Receiver noise figure (dB) NF 7.5 7.5 7.5 7.5 
System noise temperature (dB K) Tsys 32.12 32 . 12 32.12 3 2.12 
Interference level (dBm/Hz) NINT -13 9.7 -139.7 -13 9 .7 -13 9 .7 
Interference temperature (dBK) TINT 17.14 17.14 17.14 17.14 
- Receiver system noise temperature (dBK) TT OT 49.26 49 .26 . 26 49 .26 49 
Receiver G/T (dBW/Hz) GT -48.41 -48.41 -48.41 -48.41 
Receiver C/No CNo 66.81 7 7.0 5 81.91 8 3.3 0 
Bit rate (bps) Rate 9600 9600 9600 9600 
Estimated Eb/No (dB) EbNoEST 2 6.9 9 37 .23 42.08 43.68 
Required Eb/No [1x 10-7] (dB) EbNoRE 14.70 14.70 14.70 14.70 
Margin (dB) Margin 1 12.29 22.5.3 ßi_36 26.96 
Table 7-8. Uplink budget analysis 
The total receiver noise temperature `TTOT' is then the sum of the system noise temperature 
`Tsvs' and the interference temperature `TINT' given by the equations below 
Tsys 
I 
*[TANT+ ýLF - 1)"TO] +(NF - 1) -To LF 
Eq. 6- 2 
TTOT=T SYS + 
TINT 
Eq. 6- 3 
where `LF' are the feeder losses, `TANT' the antenna temperature, `To' the receiver temperature 
and 'NF' the noise figure of the receiver. The combined interference and system temperatures 
are then used in the calculation of the receivers G/T and the uplink communications channel 
C/No. 
GT= GR - LR - TTOT Eq. 6- 4 
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CNo = EIRPTX - LFSL - LA + GT -k 
Eq. 6- 5 
Neglecting the effects of interference would result in an overly optimistic link margin of 
between 29 and 46 dB, and could lead one to believe that the groundstation specification, 
antenna gain and amplifier power could be reduced dramatically. This may have resulted in the 
design of a groundstation which in the presence of the Svalbard interference environment 
would have been insufficient to meet the requirements. Alternatively, using the maximum 
interference level of -121.9 dBm/Hz results in an overly pessimistic margin ranging from 
-6 dB to II dB. 
7.1.2.3 Identification of potential service areas 
The E-SAT communications system is designed such that it will be able to support services to 
terminals located anywhere on the Earth, targeting applications in remote, hard to reach 
locations. To optimise the performance of the system, the terminals are grouped into regions or 
service areas, as illustrated in the diagram below. 
. r. 
Continental United States 
Europe 
.. ý Main E-SAT service areas 
Figure 7-12. Main E-SA T service areas 
While the S80/T measurements have allowed the system capacity to be estimated over the two 
principle areas of operation, namely the Continental United States and Europe, the 
measurements are restricted to a small number of locations, and are therefore unable to assist in 
identifying other potential service areas. The FASat-Bravo results, on the other hand, provide 
an overview of the global interference environment, and while the resolution is such that 
capacity estimation cannot be performed, the results allow the environment to be assessed for 
any given geographic location, thus assisting in the identification of potential service areas. 
Analysing the FASat-Bravo measurements for a given candidate service area, allows the results 
to be compared with those of the American and European interference environment, and an 
assessment to be made as to whether service can be provided in a given region or not. 
As the 
store and forward system operates by nulling high level interference 
in the uplink band, the 
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parameters of interest are the mean signal level, number of high level interference sources and 
the percentage of channels above the threshold level of the adaptive filter. 
The definition of regions of low interference as determined by the FASat-Bravo measurements 
allows the marketing effort to focus on areas where the E-SAT system can be operated at full 
capacity. Analysis of the South African region, for example, shows that the mean signal level 
is at least 10dB lower than the European and American region, and that no high level 
interference exists. This leads one to believe that the system can be operated at full capacity 
within this region. In Australia, however, there are a large number of high-level interference 
sources, and while service is possible, it is unlikely that the system would be able to operate at 
full capacity. 
Principle service areas `o 
Candidate service area 
High interference level 
Operate at reduced capacity 
Candidate service area 
4 
- Low interference level 
- Operate at full capacity 
Figure 7-13. Candidate service areas 
7.1.3 Regulatory usage 
In recent years there has been a sharp increase in the number of proposed commercial satellite 
communications systems, stemming from technological advances and a dramatic decrease in the 
cost of developing and deploying such systems. Space has now become a commercially viable 
option for many of the world's telecommunication requirements. Many systems are currently 
under development which will use constellations of orbiting satellites to provide a variety of 
global services. 
While the radio regulatory authorities try to encourage the development of communication 
systems, and promote competitive services, they had not anticipated the development of these 
satellite constellations, and as such had not made provision for the systems when making the 
spectrum allocations. Unused spectrum is non-existent, and the varying requirements of the 
different systems resulted in requests being made for frequencies across the entire spectrum. 
The Non-Voice Non-Geostationary Mobile Satellite Systems, for example, requested 
frequencies below 1 GHz, where propagation conditions are favourable, technology is readily 
available and wealth of experience exists, allowing the development of low cost global 
communications systems. 
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To facilitate the introduction of these Little-LEO constellations, provision was made within the 
ITU radio regulations, allowing a number of systems to operate at frequencies in the VHF band 
on a co-primary non-interfering basis. The new systems have to share the allocated spectrum 
with the existing terrestrial and satellite services, without causing harmful interference. Usage 
of the band varies considerably across the world, and has led to a requirement for spectrum 
sharing and system compatibility studies to be performed in many countries. 
In Europe, for example, these activities are performed by the SE28; the spectrum engineering 
working group of the European radio communications committee, responsible for all technical 
standards, operational and compatibility studies related to mobile satellite systems. It is their 
responsibility to ensure that the proposed mobile satellite systems operate without causing 
harmful interference to the existing European systems, and also to address the issues of future 
frequency allocations. 
7.1.3.1 E-SAT co-ordination support 
In March 1998 authorisation was granted for the development of the E-SAT communications 
system. While this allows the design, development, manufacture and launch of the satellites to 
take place, the system may not become operational until it has performed co-ordination with the 
relevant countries, and obtained operating licenses for each of the service areas. The 
E-SAT system is currently engaged in co-ordination activities in the United States and 
European regions, and the in-orbit measurements, analysis and results from FASat-Bravo 
campaign are assisting in this process. 
Prior to this research, the only measurements available to the regulatory committees and 
proposed Little-LEO operators were a limited number of results provided by Orbcomm, who 
have already deployed a number of satellites. While these results have been presented in a 
number of recommendations and publications [ 18,28,34,139], they have been selectively 
processed to defend a particular co-ordination argument, and do not easily lend themselves to 
further analysis. This has led to the requirement for additional data [30] which the regulatory 
groups and satellite operators can use to perform the required sharing and compatibility studies. 
In presenting the FASat-Bravo measurements an attempt has been made to present unbiased 
results that can be used objectively to perform co-ordination analysis between a number of 
different systems [24,27,31]. 
The FASat-Bravo results show the channel occupancy within the European region, the variation 
between different periods of the day, and the presence of a number of high level interfering 
signals. The results are suitable for determining the type and level of signals present 
in the 
band, and show a variation in occupancy between the lower and upper halves of the 
band. The 
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measurements are limited in that the measurement bandwidth of the receiver is much higher 
than the channel bandwidth of many of the systems operating or proposing to operate within the 
band, and as such the measurements cannot be used to perform detailed channel availability 
analysis. 
7.1.3.2 Additional regulatory usage 
In addition to aiding in the E-SAT regulatory and co-ordination activities, the in-orbit 
measurements performed during this research campaign, and the ability of the experimental 
payload to perform additional measurements across the VHF band, has generated significant 
interest. 
Spectrum monitoring 
Using the FASat-Bravo measurements, the channel occupancy within a particular geographical 
region can be examined, allowing the utilisation of the band to be assessed. The ability to 
monitor spectrum usage is becoming of increasing importance, as regulatory bodies attempt to 
make more efficient use of the radio spectrum through spectrum re-allocation, sharing, and 
other strategies. Without such measurements, the band occupancy level would be based on 
reported usage or terrestrial measurements, which may not be representative of the true level. 
In the United Kingdom for example, the 148 MHz to 149 MHz band managed by the Joint 
Radio Company [90] on behalf of the public utility companies, was reported as being under 
utilised by the Radio Communications Agency during their audit of the VHF band carried out 
during 1996 [137,138]. This led to concerns that the spectrum would be reallocated based on 
the findings of the audit, which were believed by the Joint Radio Company to be incorrect [91 ]. 
In-orbit measurements of this band performed by the FASat-Bravo microsatellite have 
confirmed that the findings of the audit were misleading, and that these frequencies are in fact 
heavily utilised within this region. 
Additional MSS allocations 
It is anticipated that a number of other satellite constellations will be developed in the future, 
requiring the allocation of additional spectrum. To meet this predicted demand regulatory 
groups are reviewing their existing allocations. The European communications committee has 
expressed interest in using FASat-Bravo to perform additional measurements across the band to 
aid in this process. This is discussed in the future work section of chapter eight. 
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7.2 Interference avoidance 
The results presented in chapter five verify the premise that interference can be a significant 
cause of degradation to communications systems operating at these frequencies, and clearly 
show that the levels vary with geographical location, frequency and time. With the introduction 
of additional satellite systems and the predicted growth in terrestrial usage, the potential for 
interference is only likely to increase. This section examines an interference avoidance scheme 
developed for operation with the Surrey microsatellites. Exploiting the dynamic nature of this 
environment allows the effects of interference to be minimised, improving the performance of 
the satellite's store and forward communications system. 
7.2.1 Conventional store and forward communications system 
The actual performance of the existing store and forward system is dependent on a number of 
factors, namely geographical location, operating frequency and the characteristics of the 
groundstation. While the results presented in chapter five examined the percentage of time the 
interference level exceeded a given threshold, further analysis is required to predict the 
performance of the communications system in varying circumstances. The HealthSAT-II 
measurements have therefore been used to simulate the environment at a number of 
geographical locations, allowing the performance of the scheme to be assessed. 
Additional 
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Figure 7-14. Performance simulation 
Degradation / 
no degradation 
The in-orbit measurements are used to modify the satellite receiver noise temperature and thus 
the performance of the communications system. A threshold error rate is defined, above which 
the channel is deemed to be unavailable. The groundstation parameters used in the simulation 
are summarised in Table 7-9. 
John Paffett Page 197 of 223 Applications 
VHF band interference measurement, analysis and avoidance 
., I 
Transmitter power 40 w 
Transmitter losses 0.5 dB 
Antenna gain 3 dBi 
EIRP 18.021 dBW 
Tracking roundstation 
Transmitter power 180 w 
Transmitter losses 4 dB 
Antenna gain 12 dBi 
EIRP 30.55 dB W 
Table 7-9. Groundstation parameters 
Simulating the performance of the fixed frequency communications scheme at an error 
threshold of 1x 10-3, using the HealthSAT-H 1998 data set allows the link availability to be 
estimated for two frequencies. The results for eight different geographical locations are shown 
in Figure 7-15. 
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Figure 7-15. Performance simulation results 
The simulation results illustrate the significant variation in environment at different 
geographical locations and show that in some regions the performance of the fixed frequency 
communications system is limited. The link availability for a low power ground terminal 
operating in Bangkok, Beijing or Guildford, for example, is between 11 % and 22%. Increasing 
the transmitter power can improve the link performance in some instances but does not 
guarantee a significant improvement; it depends largely on the severity of the local interference 
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environment. This can be seen by examining the improvement in link availability between the 
low power ground terminal and tracking groundstation for the regions of Bangkok and Sydney. 
149.825 MHz - Low power terminal 18.3 % 17.3 % 
149.825 MHz - Tracking oundstation 63.0 % 27.6% 
149.825 MHz - Improvement 44.6 % 10.4 % 
149.875 MHz - Low power terminal 14.7 % 32.6 % 
149.875 MHz - Tracking groundstation 
149.875 MHz - Improvement 
59.2 % 
44.5 % 
48.6 % 
16.0% 
Table 7-10. Performance improvement: Increased transmitter power 
In Bangkok, increasing the transmitted EIRP from 18 dBW to 30 dBW results in a 44% 
increase in link availability, while a similar increase in transmitter power in Sydney results in a 
much lower improvement. 
7.2.2 Interference avoidance algorithm 
While this frequency band is allocated throughout the world for use by fixed, land mobile and 
Non-Voice Non-Geostationary Mobile Satellite Systems, allocations also exist in many 
countries for space operations usage in the Earth to space direction. It is this allocation that 
many of the commercial Surrey microsatellites utilise for the uplink channels. The space 
operations allocation restricts the bandwidth of the uplink transmission to 25 kHz, but does not 
impose the same `non-interfering' restrictions on the system as the mobile satellite allocations 
place on the Little-LEO constellations. 
This allows an algorithm to be devised for use with satellites operating in the space operations 
band, which attempts to minimise the effects of interference, and in turn increases the 
performance of the communications system. While the algorithm is designed for a specific 
application, namely the Surrey digital store and forward communications scheme, the 
techniques are equally applicable for use in other communications systems and for operation at 
other frequencies. 
7.2.2.1 Description 
In developing the interference avoidance scheme, a number of practical constraints have been 
taken into account, ensuring compatibility with existing spacecraft software and groundstations. 
The interference avoidance algorithm is based on the new up load protocol (NUP) used on 
many of the Surrey satellites. This approach maintains the lower level HDLC and 
AX25 
protocols, and requires only minimal changes to be made to the on-board software 
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The scheme addresses the issue of uplink interference by dynamically allocating the satellite 
receiver frequency based on the observed interference environment at any given instance and 
the usage history at that particular location. In this manner, the algorithm is used to exploit the 
geographic, frequency and time varying nature of the environment, improving the performance 
of the communications system. The scheme takes no account of interference in the downlink 
communications channel, which from practical experience has been found to be negligible in 
the current UHF band of operation. 
Satellite architecture 
Figure 7-16 shows a simplified block diagram of the ideal spacecraft architecture required for 
the implementation of the interference avoidance scheme. The system consists of a number of 
frequency agile communications receivers, a frequency agile `scanning' receiver, an on-board 
computer, GPS receiver, and downlink transmitter. 
Satellite 
up-link S cane ong 
receiver 
6P5 
Receiver 
Frequency agile 
recen'er #1 
Frequeicy agila 
recer er #r, i 
On-board Transmitter 
computer 
Satellite 
down-link 
Figure 7-16. Dynamic channel allocation scheme : Simplified physical block diagram 
The exact configuration is dependent on the actual satellite on which the scheme is 
implemented. In order for the algorithm to work it is essential that the satellite is able to 
determine its own position and the time. This can be achieved using either a GPS receiver or 
the satellite's on-board computer and attitude control software. 
Al orb ithm 
To maintain compatibility with both the existing satellite and groundstation software, the 
design of the dynamic channel allocation interference avoidance algorithm is based on a 
modified version of the existing satellite software and protocols. Figure 7-17, shows the 
software architecture for both the existing store and forward communications scheme and the 
new algorithm. 
John Paffett Page 200 of 223 Applications 
VHF band interference measurement, analysis and avoidance 
File 5/c' D 
t 
Up link 
ý.,. point to point" 
protocol stack 
M1 
'Hole fill" requests 
Iii Down link 
"broadcast"ý 1- 
protocol stack 
On-board computer 
VHF UHF 
Receivers Transmitter 
Original store and forward scheme 
File System 
1" Up link Down bnk 
-pow to point' 'broudcatt' 
protocol stock protocol stock 
Add frequency 
NL Y1 -ý --º information ez= 
tFr<ý yt AX 
Frequency 
selection algorithm 
rr. 
me 
f 
Poo, o 
GP5 or ADCS 
task 
On-board computer 
VHF UHF 
Receivers Transmitter 
Incorporation of the dynamic channel allocation, 
interference avoidance algorithm 
Figure 7-17. Dynamic channel allocation scheme : Software architecture 
The changes include a modification to the AX-25 task, which allows packet loss information to 
be obtained, and the addition of the frequency selection algorithm, which is used to determine 
the most probable frequency of operation at any given geographical location. 
Upload protocol 
The dynamic channel allocation upload protocol, illustrated in Figure 7-18, is similar in 
operation to both the broadcast and new upload protocol discussed in chapter two. It uses the 
lower AX-25 protocol in datagram mode, implementing its own selective repeat automatic 
repeat request (SR-ARQ) error correcting algorithm, or hole filling algorithm. In this mode the 
AX-25 protocol simply checks incoming frames for errors, passing the error-free frames up to 
the higher layer of the protocol stack. 
When a communications receiver becomes free, the satellite broadcasts an invitation frame, 
inviting all groundstations within the footprint of the satellite wishing to upload data to respond 
with an upload request. During the period between the transmission of the invitation frame 
and the receipt of an upload request the satellite selects the optimum receiver frequency. 
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Figure 7-18. Dynamic channel allocation protocol 
Once the satellite receives an upload request, it transmits an upload acknowledgement 
instructing the groundstation to commence its transfer and specifies the frequency to be used. 
In the groundstation, the message or file is divided into a number of data packets, to which a 
header and checksum are added, before being transmitted. On the satellite, the filename and 
packet location is extracted from the header, and the data portion is stored in the correct 
position in the file system. The number of missing packets is monitored, and if interference 
occurs, the satellite transmits a frequency change and hole-fill request, telling the groundstation 
to change frequency, and requesting the retransmission of lost packets. The upload continues 
until the entire message is uploaded, or the new frequency becomes blocked, in which case the 
uplink frequency is changed again. To minimise the effects of downlink interference, the 
satellite periodically transmits an operating frequency and hole fill request. 
Mixed mode operation 
To ensure compatibility with the existing fixed frequency groundstations, the upload request 
transmitted by the groundstation includes a single bit identifier, which tells the satellite if the 
groundstation is fixed frequency or agile. In the event that the groundstation is fixed frequency, 
the protocol behaves in an identical manner to the existing upload protocol. 
Calling channel 
For systems using a mixture of fixed frequency and frequency agile groundstations, the calling 
channel on which the upload request is transmitted is at a fixed frequency. This leads to 
degradation in system performance in the presence of interference, but allows communications 
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to fixed frequency terminals to be supported. If only frequency agile groundstations are in 
operation, then the calling channel can also be dynamically allocated to overcome interference. 
Interference detection 
While receiver signal strength measurements are adequate for monitoring the interference 
environment when the channel is not being used, once communications begin it can no longer 
be used for this purpose, as the measurement is unable to distinguish between the wanted and 
unwanted transmissions. To detect the presence of interference the AX-25 protocol frame error 
detection capability is used. 
During an upload request the groundstation specifies the length of the message to be uploaded 
to the satellite. Once an upload has been initiated, the groundstation transmits packets 
continuously until the message transfer has been completed. Modifying the AX-25 task to 
allow frame error detection information to be passed on to the frequency selection algorithm 
allows the presence of interference to be detected, since interference will result in frames being 
received in error and rejected. The modification made to the AX-25 task therefore is to 
incorporate a counter, which counts the number of erroneous packets received. 
Frequency selection algorithm 
The frequency selection algorithm is used to determine the most probable frequency of 
operation for any given geographical location and time of day. The algorithm, as discussed in 
chapter six, is based on a look-up table that contains a list of frequencies, ranked in order of 
preference for each geographical bin and time period. 
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OH #318 149.590 MHz /z 
CH #009 148.045 MHz - ----- 
(H #008 148-040 MHz 
Figure 7-19. Frequency selection algorithm 
To determine the frequency of operation the algorithm first retrieves the preferred channel list, 
given the satellite's current position and time information, from the frequency selection model. 
The receiver frequency is then set to the first channel specified in the list and a signal strength 
measurement is performed. If the measured signal level is below a given threshold, the channel 
is deemed to be free, and the channel is allocated for use. If, however, the measurement is 
above the threshold, the algorithm selects the next channel in the list, and continues to do so 
until a free channel becomes available. 
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7.2.2.2 Performance improvement 
An interference avoidance algorithm has been described which exploits the dynamic nature of 
the environment by allocating the spacecraft operating frequency based on local conditions. 
The performance improvement obtained over that of the conventional fixed frequency system is 
dependent on the practical implementation of the algorithm. This is illustrated by examining 
two examples, the first being the use of the scheme on the HealthSAT-II microsatellite, and the 
second on FASat-Bravo. 
HealthSAT-II dynamic channel allocation, interference avoidance algorithm 
The implementation of the dynamic channel allocation algorithm on HealthSAT-II is limited by 
the architecture of the satellite. Having only two fixed frequency communications receivers, 
the ability of the satellite to avoid interference is significantly impaired, and in some 
geographic regions usage of the algorithm provides little improvement over the current fixed 
frequency system. 
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LFIe 
system 
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149.825 MH` Idown-link 
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Receiver #2 
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Figure 7-20. HealthSAT-ll architecture 
The performance of the algorithm has been simulated for a number of geographical locations 
and two different groundstation types. The results, Figure 7-21 shown overleaf, provide a 
comparison between the operation of the conventional HealthSAT-II fixed frequency 
communications system and the performance improvement obtained by the use of the dynamic 
channel allocation algorithm. 
In the majority of circumstances, there is potential for improvement in the percentage link 
availability when using the dynamic channel allocation algorithm. This is primarily due to the 
uncorrelated nature of the channel usage or interference environment in the two HealthSAT-II 
channels. In regions where the usage of these frequencies is high and the interference 
levels 
appear to be correlated, there is little benefit to be obtained from the use of such an algorithm. 
This can be seen by examining the results for Sydney, Australia, in which the theoretical 
percentage link availability is only marginally higher than the link availability 
for the 
149.875 MHz channel. 
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FASat-Bravo dynamic channel allocation. interference avoidance algorithm 
The FASat-Bravo microsatellite allows a full implementation of the dynamic channel allocation 
interference avoidance algorithm. The satellite has two experimental frequency agile receivers 
which are able to operate over a wide range of frequencies. One is used as a communications 
receiver, while the other is used to scan the environment and maintain the global frequency 
selection model. 
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Figure 7-22. FASat-Bravo architecture 
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Allowing the satellite to allocate its operating channel dynamically from within a band of 
frequencies minimises the effect of interference and leads to an improvement in system 
performance. The extent to which the performance is improved depends largely on the number 
of channels from which the satellite may select and the correlation of the interference within 
them. This was demonstrated in the HealthSAT-II simulation, which showed that a theoretical 
improvement in performance was possible with only two channels, although in Australia, where 
the interference was correlated, improvement in performance was negligible. 
Repeating the simulations using the FASat-Bravo measurements, and allowing the dynamic 
channel allocation algorithm to select any channel from within the 148 MHz to 150 MHz band 
increases the predicted performance of the system to 100% for each of the geographical 
locations and groundstation types considered. Even in a harsh interference environment such 
as Australia, there is always more than one channel available for use by the two groundstation 
types considered, at any instant in time. 
7.3 Summary 
This chapter has examined both the practical applications of this research and the development 
of an interference avoidance algorithm for use on the Surrey microsatellites. It had initially 
been anticipated that the ultimate goal of this research would be the development and 
demonstration of the interference avoidance algorithm, and that the in-orbit measurements 
would simply aid in this process. The measurements have, however, generated vast interest in 
their own right and have consequently become a significant part of this work. The practical 
applications discussed at the beginning of this chapter provide a number of examples of the use 
of the results, demonstrating their importance. 
The interference avoidance technique presented in section 7.2 was developed to improve the 
performance of the Surrey store and forward communications scheme. Using dynamic channel 
allocation, occupied channels are actively avoided, thereby reducing the potential for 
interference. Due to launch delays and technical difficulties with the satellites, the in-orbit 
demonstration of the scheme has not been possible during the time frame of this research 
programme. Instead simulations of the algorithm have been performed to show the anticipated 
improvement obtained by the implementation of such a scheme. The extent of the improvement 
is dependent on the satellite on which it is implemented, the largest gain resulting in the full 
implementation of the algorithm on a satellite with frequency agile receivers, resulting in a 
theoretical 100% link availability. 
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8 Conclusions, achievements and future work 
8.1 The research programme, motivation and objectives 
Since 1981 the University of Surrey has been involved in the design, development, launch and 
operation of a number of low Earth orbiting satellites. Many of these satellites are designed to 
operate in the VHF frequency band because of the favourable operating conditions, availability 
of equipment and wealth of expertise. While theoretical link analysis predicts ample margin 
and appears to suggest that the communications system will operate with little degradation, the 
practical reality is somewhat different. Operational experience has found that severe 
degradation can occur at these frequencies, often rendering the channel unusable for prolonged 
periods. It has been observed that the occurrence is dependent on the frequency of operation, 
the location of the groundstation and the time of day. 
The original motivation behind the research was to quantify the effects of the interference and 
devise a scheme to overcome it, and so improve the performance of the Surrey digital store and 
forward communications system. The first stage of the programme was to perform preliminary 
in-orbit measurements using an existing satellite, HealthSAT-II, and then to develop a payload 
that would be flown on a forthcoming mission. At that time it was envisaged that the in-orbit 
measurements would simply aid in the design of the interference avoidance algorithm. It had 
not been appreciated that the in-orbit measurements would be of significant importance in their 
own right. 
The last decade has seen a revolutionary change in the field of satellite communications spurred 
on by advances in technology and a dramatic reduction in cost. Whereas before the 
development of such a system was limited to large organisations and governments, the 
advances have made satellite systems a commercially viable option for many of the world's 
telecommunication requirements. In response to the large number of proposed satellite 
systems, frequency allocations were granted in the VHF band for use by Non-Geostationary 
Non-Voice Mobile Satellite Systems. Following this allocation many commercial organisations 
began the development of systems, but were hampered by the limited knowledge of the 
environment. A number of experimental satellites were launched in response to this 
requirement, but the results have never been published due, it is believed, to the fierce 
competition between rival operators and the advantage such results may bring. 
The in-orbit measurements performed using HealthSAT-II and FASat-Bravo have therefore 
become of real importance within the Little-LEO community, as they are the only global 
measurements in existence, and the only results to have been published. Their significance is 
demonstrated by the fact that, out of the five current American Little-LEO operators, four have 
requested access to the results and findings of the research. 
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The academic and commercial interest generated by the results has led to a change in the 
emphasis placed on the measurement campaigns, ultimately leading to their use in the European 
regulatory activities and in the system design of the E-SAT satellite constellation. The 
measurement and analysis have therefore become a much larger part of the research than had 
originally been anticipated, with the output being used for a number of applications. 
8.2 Original achievements 
A number of significant achievements have resulted from this research. 
8.2.1 Global measurements of the VHF band interference environment 
The first global VHF band interference environment, frequency usage or channel occupancy 
measurements have been performed. This is a significant contribution to the area, 
demonstrating the ability of a `low-cost' microsatellite to perform such measurements, and has 
produced the only global VHF interference environment measurements currently in existence. 
The importance of these results is demonstrated by the amount of commercial and academic 
interest generated, and the ongoing use of the measurements in the Little-LEO activities. 
8.2.2 VHF band environment characteristics 
The analysed results are the first to show categorically that channel occupancy, frequency usage 
or interference level varies with geographical location, frequency and time. They show that 
levels have a defined geographic structure, correlated with the heavily populated and 
industrialised regions of the world. The absence of interference over the oceanic regions 
shows that the band is currently used predominately by land-mobile systems. The results also 
show the location of geographical hot-spots: locations where interference levels would cause 
significant degradation to satellite systems wishing to operate in the region. 
8.2.3 Regional results 
These are the first results to be published providing qualitative figures for the levels of 
interference experienced in a given geographical region. A number of examples have been 
included in this thesis, demonstrating that conditions vary considerably from one location to the 
next and illustrating the difficulty faced by a global communications system proposing to 
operate in this band. 
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8.2.4 Geo-location of high level interference sources 
This is the first time that satellite based measurements of received signal strength have been 
used to pinpoint the location of dominant interference sources. The technique allows the 
presence and location of these transmitters to be determined, providing valuable information for 
radio frequency engineers developing systems for operation in this band. 
The technique also demonstrates the ability of a low Earth orbiting satellite to audit, monitor or 
police the spectrum in any region. This is something that is likely to become of increasing 
importance in the future. Increased demand for spectrum will result in tighter co-ordination and 
thus a requirement to detect the presence and location of rogue transmitters. 
8.2.5 Regional channel occupancy models 
Channel occupancy models for the European, North American and Australian regions have 
been developed. These are the first such models to be published, and show the level and 
characteristics of all major interference sources in the frequency band. While the models are 
unable to provide detailed temporal information, they are nevertheless representative of the 
long-term interference environment or channel occupancy, and provide useful information for 
anybody designing a system to operate within this band. 
8.2.6 On-board frequency selection algorithm and interference avoidance scheme 
An on-board frequency selection algorithm has been developed primarily for use with the 
Surrey microsatellites, although it is equally applicable for use in other systems. Based on in- 
orbit measurements, and updated automatically, the model allows the satellite to select 
autonomously the optimum operating frequency depending on its location and time of day. 
The frequency selection algorithm is an integral part of the interference avoidance scheme, 
developed to improve the performance of the Surrey store and forward communications system. 
Dynamically allocating the spacecraft operating frequency based on local conditions, allows 
interference to be actively avoided, thereby improving the performance of the system. 
8.2.7 Practical applications 
The in-orbit measurements have been used for a number of practical applications, including the 
selection of satellite operating frequencies, the design of groundstation equipment, and the 
capacity estimation of a low Earth orbit satellite system. While not of significant originality in 
their own right, the applications illustrate the importance and value of the measurement data 
set. 
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8.3 Conclusions 
The goal of this research was to quantify the effect of interference to low Earth orbit satellite 
systems operating in the 148 MHz to 150 MHz frequency band, and to devise an interference 
avoidance scheme for use with the Surrey store and forward communications system. In 
performing this research, those initial goals have been successfully achieved, and many other 
valuable results have been generated. The following section draws conclusions from the 
measurement, analysis, results and practical applications. 
8.3.1 In-orbit measurement 
From the onset of this research programme it was clear that in-orbit measurements would be 
needed both to characterise the environment and provide the data necessary for the 
development of the interference avoidance algorithm. An existing satellite, HealthSAT-II, had 
been earmarked for use, since its primary mission objectives meant that it was unused on passes 
over the Guildford groundstation and could therefore be used without impacting on the 
operations. The versatile design of the telemetry and telecommand system, in conjunction with 
the relatively sophisticated on-board software, allowed the satellite to perform measurements of 
the received signal strength on each of the receiver frequencies. It was configured to perform 
measurements every second, to time tag and store the results, and then to download them on 
passes over the groundstation. The measurement campaign began during September 1996 and 
has recently completed its third year. 
The use of HealthSAT-II has a number of limitations and constraints. The measurements are 
limited to two fixed 15 kHz channels located at 149.825 MHz and 149.875 MHz, and while 
providing detailed information for the usage of each channel are unable to provide a 
representative view of the environment across the entire band. The measurements are also a 
record of the signal strength within the bandwidth of the receiver; consequently the satellite is 
able to detect the presence and level of interfering signals but is unable to identify any of the 
characteristics. 
Although limited to two channels, the measurement campaign has nevertheless generated a 
number of valuable results, showing that interference levels vary with geographical 
location, 
frequency and time, and that levels in some parts of the world are high enough to cause severe 
degradation. A number of simple but valuable lessons were also learnt during this period, such 
as the importance of time tagged measurements, without which geographical analysis would 
have not been possible, but surprisingly a feature that many of the other satellites 
do not have. 
The separation failure of the Chilean FASat-Alpha microsatellite, and the subsequent order 
of a 
replacement, provided an opportunity to assist in the design and 
development of experimental 
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communications payload that would ultimately allow the HealthSAT-II measurements to be 
expanded on. While the initial design had been completed, the re-build provided the chance to 
include additional features, resulting from the lessons learnt from the HealthSAT-II campaign. 
The payload was designed to allow measurements of received signal strength to be performed 
across a wide band of frequencies from 140 MHz to 152 MHz in 5 kHz steps, ultimately 
allowing the first global measurements of the Little-LEO VHF band interference environment 
to be obtained. 
The success of the measurement campaign came however at the expense of serious delays to 
the research programme. Originally it had been planned that the satellite would be launched 
during the last quarter of 1996 but, due to delays, did not actually occur until 10`h July 1998, 
some eighteen months later. Such delays, although typically not as long, are common in the 
satellite industry. It is therefore a risky process to embark on an experimental research 
campaign using a satellite that has yet to be launched, as a failure or serious delay reduces 
significantly the chances of being able to complete the research in an acceptable period of time. 
8.3.2 Analysis 
The use of HealthSAT-II and FASat-Bravo provided the opportunity to perform a number of 
measurement campaigns, and to collect a vast amount of data for the frequency usage, channel 
occupancy or interference environment in the band. With approximately 2 Mbytes of data 
being downloaded from the satellites each day, careful planning and automated retrieval, 
archiving and post-processing were essential to the smooth running of the operation. 
A number of analysis techniques were developed, each allowing different properties and 
characteristics of the environment to be examined. With an overwhelming number of 
possibilities for analysing the data, the research programme could so easily have been side 
tracked by the generation of irrelevant information. Deliberately constraining the analysis to 
focus on the key objectives generated results that were not only useful and valuable, but also of 
direct relevance. 
The simple and statistical analysis provides information on the time varying nature of the 
environment, as well qualitative figures for the type and level of the signals encountered in the 
band. The results are representative of the long-term or average interference environment, but 
do not provide detailed temporal information, due to the sampling rate limitation of the 
measurement technique. The results are nevertheless of importance as they show that 
interference levels vary with frequency and time, and that levels can be sufficiently high to 
cause severe degradation. 
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The ability of the on-board computer to time tag the measurements allows the geographic 
nature of the environment to be determined. Using the time tag and an orbital propagation 
model, the position of the satellite can be estimated at the time the measurement was 
performed. This allows the data to be attributed to a given geographic location. Simple sub- 
satellite point attribution generates results that clearly demonstrate the geographic structure of 
the interference environment. High levels of interference are correlated with the heavily 
industrialised and populated regions of the world, while an absence of interference over the 
oceanic regions suggests the band is predominately used by land mobile terrestrial systems. 
The results generated by this technique are, however, distorted by the aperture or field-of-view 
of the satellite's antenna, spreading or smearing the contribution from a single source or 
location across the entire footprint of the satellite. 
A technique has been developed which allows the geographical location of dominant 
interference sources to be estimated. Instead of assuming that the received interfering signal 
originates from the sub-satellite position, the measurements are attributed across the entire 
footprint. This works on the assumption that the signals are equally likely to have originated 
from anywhere within the satellite's field-of-view. The result is the same as performing two- 
dimensional spatial deconvolution of the sub-satellite attributed results and the satellite 
footprint or antenna pattern, pinpointing the location of dominant interference sources. Using 
this technique, the approximate location of a number of the world's high-level pager 
transmitters have been found. 
8.3.3 Results 
The results presented in this thesis are but a subset of the actual results generated during the 
course of this research programme. They have been carefully selected to demonstrate the 
dynamic nature of the environment, to prove the original premise of this research, and to 
provide results typical of the operating conditions experienced in this band. They clearly 
demonstrate that interference can be a significant cause of degradation, and that levels vary 
significantly between different geographical locations, frequencies, and time of day. 
Although the HealthSAT-II measurements are limited to two single channels, they have 
nevertheless provided a wealth of information. In addition, the measurement campaign has run 
over a number of years, allowing the long-term varying nature of the environment to be 
examined. The results from this show a slight increase in the usage of these frequencies in 
some parts of the world, but there have been no significant changes. This is not representative 
of the situation across the entire band, as it is known for, example, that between the S80/T 
measurements of the European environment performed in 1992 and the FASat-Bravo 
measurements performed in 1998, an additional high level pager system was introduced 
into the 
band. There is therefore a requirement for ongoing measurement campaigns. 
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The FASat-Bravo results are of significant importance, as they are the first global 
measurements of the Little-LEO VHF band interference environment, and the only results to be 
published. The results presented in chapter five show the interference environment at a number 
of geographical locations, illustrating that while the band is allocated for similar use across the 
world, the actual spectral usage varies considerably from one region to the next. The results 
also show the presence of a large number of high-level transmitters operating in this band, 
which could cause severe degradation to a satellite system operating on the same frequency. 
8.3.4 Modelling 
Channel occupancy models for the European, North American and Australian regions have 
been generated using the FASat-Bravo measurement data set, and reported spectral usage 
information. The models show the presence and relative level of all major interference sources 
operating in the given region, and provide a system designer with valuable information on the 
type and characteristics of transmitters operating in this band. What is also of importance is the 
technique used in the generation of these models, as the environment is likely to change over a 
period of time, and the models will become out of date. It is therefore important that 
measurements of the interference environment are continued, and that the models are kept up to 
date to reflect any changes. It is envisaged that the interference environment within this band 
will change significantly during the course of the next decade, as many of the Little-LEO 
systems become operational, and the terrestrial systems continue to expand. 
A technique has also been discussed which uses the FASat-Bravo measurements to aid in the 
selection of a suitable operating frequency for a future satellite wishing to operate in this band. 
The traditional approach to this problem could potentially result in a system unable to operate 
in some parts of the world. Using in-orbit measurements, however, the potential for such a 
problem can be minimised, providing a higher level of confidence in the chosen operating 
frequency. 
8.3.5 Practical applications 
It had initially been thought that that the in-orbit measurements would simply aid in the design 
and development of an interference avoidance algorithm suitable for improving the 
performance of the Surrey store and forward communications system. The value and 
importance of the actual measurements had not originally been anticipated. It was not until the 
initial HealthSAT-II measurements were published that the interest in this area became 
apparent. A number of the proposed Little-LEO operators became aware of the existence of 
this work, and began to seek involvement. 
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With the launch of FASat-Bravo, and the publication of the first global VHF band interference 
environment results the interest grew substantially. It became evident at that point that the 
research had become of significant importance within the Little-LEO community, and that the 
results and finding had more applications and uses than the simple development of an 
interference avoidance algorithm. The emphasis on the research then shifted, placing more 
importance on the measurements and their practical application. 
Connections were established with the E-SAT Little-LEO system, using the results and findings 
of this research to aid in the regulatory and system design activities of their constellation. This 
resulted in a number of publications within the European regulatory arena, and the use of the 
measurements in the capacity estimation, groundstation design and service area definition of 
the system. The collaboration with E-SAT also provided access to the results from the S80/T 
measurement campaigns, which verified the FASat-Bravo results, illustrated how the 
environment had changed over a relatively short period of time and highlighted the importance 
of this research. 
8.3.6 Interference avoidance algorithm 
From the FASat-Bravo measurements it was found that the interference environment, and 
therefore the potential for interference, varied significantly with geographical location, 
operating frequency and time of day. An interference avoidance algorithm has therefore been 
devised which exploits the dynamically varying nature of this environment, actively avoiding 
the degradation caused by interference, and so improving the performance of the 
communications scheme. The algorithm works by dynamically allocating the satellite's 
operating frequency depending on the local interference environment. It is based on the 
existing Surrey store and forward communications protocols, requiring a minimal number of 
changes to the spacecraft software, and allowing compatibility with existing fixed frequency 
groundstations. 
Using the in-orbit data the performance of the fixed frequency HealthSAT-II store and forward 
communications scheme was simulated, and the performance was found to vary considerably 
from one location to the next. Severe degradation occurred in a number of regions, often 
rendering the communications system unusable for prolonged periods. As HealthSAT-II 
has 
only two fixed frequency receivers, the implementation of the interference avoidance algorithm 
is limited. Even with only two channels, however, there is still potential for improved 
link 
availability, by dynamically allocating the satellite's operating frequency, as clearly 
illustrated 
by the simulation results. Increasing the number of channels available 
for the satellite to 
allocate greatly improves the performance, leading to a theoretical 
link availability on the 
FASat-Bravo satellite of one hundred percent. 
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8.4 Future work 
The use of low Earth orbiting satellites as a solution to the world's communication 
requirements is still very much in its infancy. While the theoretical use of such systems is well 
documented and understood, their commercial success has yet to be proven. Many 
organisations are waiting to see how systems such as Orbcomm and E-SAT fare, before 
embarking on the development of their own. The next couple of years will therefore see either 
their failure or an explosion in the number of satellite constellations, all offering a variety of 
different global communication services. 
One thing seems certain: there will always be an overwhelming demand for radio spectrum, and 
therefore a requirement for research into methods for monitoring, controlling, and making the 
most efficient use of this limited resource. Several areas for continued research and 
development have been identified, which are described in the following sections. 
8.4.1 Experimental campaign improvements and enhancements 
Although the measurements performed during this research were a success, they were 
constrained by a number of practical limitations originating from the use of the satellite and the 
functionality of the payload. A number of improvements and enhancements have been 
identified for both the measurement payload and the operational usage of the satellite, which 
would lead to the generation of additional results. 
8.4. ]. 1 Payload enhancements 
Modifications to the bandwidth, sampling rate and antenna pattern of the existing narrow-band 
frequency agile receiver, would all improve the performance and capability of the measurement 
payload. 
Bandwidth 
The receiver currently has a noise equivalent bandwidth of approximately 15 kHz. This 
is 
much wider than the bandwidth of many of the interference sources operating in this 
frequency 
band, and consequently the measurements are unable to distinguish the presence of 
individual 
signals. Reducing the measurement bandwidth of the receiver would allow 
individual signals 
to be detected, although for a given band of frequencies, the time taken to complete a single 
scan would increase, as well as the amount of data generated. 
The chosen measurement bandwidth is dependent on the frequency band of 
interest. In this 
band for example 1 kHz would suffice, since the lowest bandwidth terrestrial system 
is 
approximately 6 kHz and the lowest bandwidth satellite system is 2.5 
kHz. 
John Paffett Page 215 of 223 Conclusions & Future 
Work 
VHF band interference measurement, analysis and avoidance 
Sampling rate, data generation and downlink capacity 
There are a number of operational and physical constraints that limit the rate at which 
measurements can be performed. On a satellite such as FASat-Bravo, downlink capacity is the 
limiting factor and governs the amount of data that can generate and successfully download to 
the groundstation. A trade-off is therefore made in the planning of the measurement campaign 
between the sampling rate of the measurements, the number of channels surveyed, and the 
physical amount of data generated. 
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Figure 8-1. Sampling rate trade-off 
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For this research it was important to examine the long-term or average interference 
environment across the entire band of operation, fixing the number of channels to be sampled, 
and therefore the maximum sampling rate that could be sustained. With a sampling rate of ten 
seconds, the desired results were obtained, but the usefulness of the measurements is limited to 
this specific requirement. 
To obtain in-orbit data suitable for the simulation of a communications systems, modulation 
schemes or coding protocols, measurements are required at a sampling rate higher than the bit 
rate of the proposed scheme. The current payload has a digital signal processing module 
capable of performing such measurements, but is again constrained by the downlink capacity. 
This "bottleneck" can be minimised by using groundstations located around the world, thereby 
increasing the effective downlink time, or by applying data compression. On future missions 
the problem could be removed entirely with the addition of a high date rate downlink. 
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Antenna pattern 
The existing Surrey satellites have a simple receive antenna system that has been optimised for 
use with the store and forward communications payload. The antenna pattern provides gain to 
compensate for the free space path loss variation, thereby allowing groundstations anywhere 
within the field-of-view to communicate with the satellite. While this is ideal for the 
communications application, it is undesirable for the in-orbit measurement of terrestrial 
interference, as the satellite receives signals originating from anywhere within the footprint. 
The effect of this on the measurements can clearly be seen from the geographic results 
presented in chapter six, showing interference patterns that closely resemble the footprint of the 
satellite. 
Figure 8-2. Antenna patterns 
If the satellite's antenna were to be replaced with a shaped narrow beam-width antenna the 
field-of-view could be reduced significantly. This would constrain the origin of the 
interference to a much smaller region, thereby improving the resolution of the measurements. It 
would allow the data to be attributed more accurately to a given geographic location instead of 
a region, and improve the geographic analysis of the results. 
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Figure 8-3. Measurement antenna aperture 
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Future frequency bands of interest 
The measurements performed during this research have focussed specifically on the frequency 
band from 148 MHz to 150 MHz, characterising the interference environment in the frequency 
band currently allocated for use by land mobile radio and fixed terrestrial services, space 
operations, and Non-Voice Non-Geostationary Mobile Satellite Systems. Since the publication 
of these results, a number of organisations and regulatory groups have enquired as to the ability 
of the satellite to perform measurements at other frequencies. 
In response to a predicted growth in the number of future satellite constellations, the regulatory 
groups are anticipating the need for additional allocations, and have begun to investigate 
current spectral usage in an attempt to identify bands suitable for sharing. Their interest in the 
short term is for frequencies below I GHz, identifying bands suitable for use by the next 
generation of Little-LEO systems. The investigations are, however, hampered by the inability 
to measure the spectral occupancy, and are currently based on reported usage alone. While 
spectrum sharing is a technically feasible solution, there will always exist the potential for 
interference, and therefore many system operators are likely to claim high utilisation simply to 
avoid having to share. It is therefore unlikely that a satisfactory conclusion will be obtained 
from reported usage alone, resulting in a requirement for actual measurements to be performed. 
Another band that will become of interest in the near future is the S-band allocation. Many of 
the satellite operators currently using the VHF space operations band are looking to move in 
frequency for future missions, away from the high levels of interference experience at VHF. 
The current frequency allocations provide for space operations in the frequencies from 2.025 
GHz to 2.110 GHz and from 2.2 GHz to 2.29 GHz, and are likely to be the selected bands for 
the next generation satellites. As more systems begin to operate in these bands, the potential 
for interference is likely to increase. Developing a payload able to perform measurements 
within these bands is likely to provide valuable results and information for the regulatory 
bodies and satellite system designers. 
In the longer term, there is likely to be a requirement to monitor the occupancy anywhere in the 
spectrum. As more complex communication systems are designed, each requiring large 
amounts of bandwidth, the requirement to efficiently use the radio spectrum will increase, 
resulting in the need for careful monitoring, control and even policing of this scarce resource. 
The FASat-Bravo campaign has demonstrated the importance of being able to perform in-orbit 
measurements of the environment and has shown the significant amount of interest that can 
be 
generated in such an activity. The key to success is being able to identify the requirements well 
in advance and to design, develop and launch a satellite that will generate the required results. 
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8.4.1.2 Satellite orbital modifications 
The measurements presented in this thesis for the Little-LEO interference environment were 
performed by a single satellite, FASat-Bravo, which is in an 820km, 98.8°, sun-synchronous 
orbit. The fact that a single satellite performed the measurements and that the orbit is 
sun-synchronous has a number of effects on the measurement campaign and the results 
generated from it. Using a satellite in a different orbit, or a number of satellites, will provide 
additional information and results. 
Use of multiple satellites 
The time it takes to build up enough measurements from a single satellite to perform detailed 
geographic analysis is relatively long, and depends on the orbit. In the case of FASat-Bravo for 
example, three months measurements are required in order to produce a full geographic map of 
the environment. The amount of data generated could be increased with the use of additional 
satellites, for example, by using Thai-Phutt' and FASat-Bravo in parallel. While these satellites 
operate in a similar orbit, their joint orbital configuration is uncontrolled, and can not therefore 
easily be used to improve the measurement revisit time. 
An alternative would be to design, develop and launch a constellation of measurement 
satellites, providing control over the amount of measurements performed, co-visibility of 
satellite footprints, and the geographic re-visit time. This would increase the amount of data 
generated and produce a vast amount of additional information. 
Non sun-synchronous orbit 
One of the limitations of the FASat-Bravo measurements arises from the fact that the satellite is 
in a sun-synchronous orbit. In this orbit the ground track is locked, resulting in the satellite 
transiting a particular geographical location at approximately the same time each day. This 
means that the satellite can only see a given interference source at set times, limiting the ability 
to perform detailed time varying analysis. 
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Figure 8-4. Measurement time distribution 
i-Phutt was launched alongside FASat-Bravo and 
has a similar measurement payload. 
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Using a satellite such as UoSAT-12, which is not in a sun-synchronous orbit, would allow 
measurements to be built up over an entire twenty four hour period, thereby overcoming the 
limitation of the FASat-Bravo measurements. 
8.4.1.3 Future Little-LEO systems and regulatory assistance 
Although the measurement bandwidth of the FASat-Bravo receiver was too wide to allow the 
results to be used in the analysis of the Orbcomm communications system, there are two 
proposed American systems for which the results will be ideally suited. LEO-One and Final 
Analysis are both second round Little-LEO applicants in the process of developing Non-Voice 
Non-Geostationary Mobile Satellite Systems which will eventually operate in this band. 
The two proposed systems are based on a similar narrow-band dynamic channel allocation 
scheme to that used by the Orbcomm system. The only real differences being the number of 
receivers on each satellite, and the bandwidth used. It is the bandwidth that is of particular 
interest, as they both propose to use 15 kHz, making the FASat-Bravo measurements ideally 
suited for the analysis of these systems. Using the in-orbit measurements, for example, it will 
be possible to determine the number of available channels for use by these systems anywhere in 
the world. 
The in-orbit measurements performed during this research and any subsequent results will also 
aid the regulatory groups in determining the likely impact these proposed systems will have in 
this frequency band. This is something that could not easily be achieved for the Orbcomm 
system, due to the unavailability of independent results. 
8.4.2 Spectral monitoring 
While this research has examined the use of signal strength measurements in the 
characterisation of the interference environment in a given frequency band, the ability for a 
satellite to monitor or eavesdrop the spectrum, identifying the type, location and even content 
of transmissions is becoming of increasing interest. In such a growing area there are a large 
number of possible avenues for future work, relating to the design of the measurement payload, 
the analysis of the data and the use of the information. Two areas are described in the 
following section by way of example, each of which are extensions on this work and have 
particular relevance to the area of regulatory spectral monitoring. 
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8.4.2.1 Interference source location 
A technique has been developed for using measurements of signal strength to determine the 
approximate geographical location of dominant interference sources. The technique performs 
two-dimensional spatial deconvolution of sub-satellite point attributed measurements with the 
field-of-view of the satellite. Although suitable for estimating the approximate location of such 
transmitters, the results are limited in accuracy and the technique is unsuitable in the presence 
of multiple sources. Two additional methods have been identified for increasing the accuracy 
of the measurements and providing the ability to identify the location of multiple transmitters 
located close together. 
Location of multiple interference sources using pattern matching 
The satellites used in these measurement campaigns have an antenna system that has been 
optimised from a communications application rather than for performing in-orbit measurements 
of the interference environment. Consequently the satellites have a large antenna aperture or 
radio field-of-view and are able to receive signals emanating from a transmitter, whenever the 
transmitter falls within the satellite footprint. In the presence of a single dominant interference 
source this results in an interference pattern which closely resembles the footprint of the 
satellite. 
Interference pattern generated 
by multiple transmitters 
Figure 8-5. Interference patterns 
When multiple transmitters are located close together, the resulting 
interference pattern is a 
sum of the contributions from each. The technique used in this thesis to 
determine the location 
is no longer applicable since it would try to resolve the 
interference to a single source. To 
locate the origin of multiple interference sources it is believed that a pattern matching 
technique 
could be used. The method would attempt to 
fit multiple transmitter footprints together to 
construct an interference pattern closely matching the 
interference measured from orbit, thereby 
estimating the position of the interference sources. 
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Doppler signature interference source location 
In addition to the signal strength measurements used extensively throughout this thesis, the 
receiver sub-system on both the HealthSAT-ll and FASat-Bravo microsatellites provides the 
ability to measure the frequency error on the received signal. The facility is provided primarily 
for automatic frequency control, although it is not used in the general operation of the satellites 
since the groundstation equipment normally performs Doppler compensation. 
The frequency of a terrestrial based interference sources will however change as the satellite 
passes, with an increased frequency as the satellite approaches the transmitter and a decrease in 
frequency as it moves away. Performing measurements of the automatic frequency control 
voltage or Doppler frequency error on a number of passes over a given interference source 
should allow its position to be accurately located. 
8.4.2.2 Wide-band measurement payload 
Although a number of modifications have been identified which could be used to improve the 
performance of the existing narrow-band frequency agile receiver, a requirement has been 
identified for a new satellite based measurement payload, capable of higher resolution, wider 
bandwidth and faster scan rates. The use of such a payload would generate data suitable for a 
variety of applications, including communications research, regulatory spectral monitoring and 
electronic surveillance. The conceptual payload design is based on the operational experience 
gained through this research programme and an examination of the desirable features of the 
other measurement systems. It comprises a wide-band receiver, mass memory storage unit and 
a high rate downlink. 
Wide-bond 
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receiver storage downlink 
Measurement bandwidth >2 MHz Capacity : 10 - 100 &bits Data rate : Mbits/s 
Measurement resolution < 100 Hz Example : 100 Mb/s X-band downlink 
Scan rate :< 10 mS 
Figure 8-6. Payload conceptual block diagram 
The payload is used to sample the spectrum of interest, temporarily storing the data in mass 
memory. On passes over the commanding groundstation the data is then downloaded via the 
high-speed downlink. At the time of developing the narrow-band experimental payload high 
capacity memory modules and high-speed communications were not practically possible, with 
recent technological advances such items are now readily available. 
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Using a digital signal processor based wide-band receiver would provide flexibility and control 
over the measurement bandwidth, scan rate and resolution, removing the limitations currently 
imposed on the measurement campaigns by the narrow-band payload. Additional processing 
could be performed by the digital signal processor prior to storage of the data, allowing 
on-board analysis or data compression to be performed on the measurements. 
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Figure 8-7. Wide-band receiver architecture 
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Providing mass memory in the payload allows measurements to be performed anywhere in the 
orbit, allowing regional or global measurements to be performed and the data retrieved on 
passes over the commanding groundstation. This overcomes the main limitation of the S80/T 
measurement payload, which was restricted to bent pipe operation, requiring a groundstation to 
be present in the region where measurements were being performed. 
ADC 
Bandwidth select 
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Appendix D: ITU Frequency allocations (75.2 MHz - 1.215 GHz) 
Region 1 Region 2 Region 3 
75.2-87.5 75.2-75.4 
FIXED FIXED 
MOBILE except aeronautical MOBILE 
mobile 55.179 
75.4-76 75.4-87 
FIXED FIXED 
MOBILE MOBILE 
76-88 
BROADCASTING 
Fixed S5.149 S5.182 S5.183 
S5.188 
Mobile 87-100 
S5.175 S5.179 S5.184 FIXED 
S5.187 
87.5-100 MOBILE 
BROADCASTING S5.185 BROADCASTING 
88-100 
S5.190 BROADCASTING 
100-108 BROADCASTING 
S5.192 S5.194 
108-117.975 AERONAUTICAL RADIONAVIGATION 
S5.197 
117.975-137 AERONAUTICAL MOBILE (R) 
S5.111 S5.198 S5.199 S5.200 S5.201 S5.202 S5.203 
S5.203A 
S5.203B 
137-137.025 SPACE OPERATION (space-to-Earth) 
METEOROLOGICAL-SATELLITE (space-to-Earth) 
MOBILE-SATELLITE (space-to-Earth) S5.208A S5.209 
SPACE RESEARCH (space-to-Earth) 
Fixed 
Mobile except aeronautical mobile (R) 
S5.204 S5.205 S5.206 S5.207 S5.208 
137.025-137.175 SPACE OPERATION (space-to-Earth) 
METEOROLOGICAL-SATELLITE (space-to-Earth) 
SPACE RESEARCH (space-to-Earth) 
Fixed 
Mobile-satellite (space-to-Earth) S5.208A S5.209 
Mobile except aeronautical mobile (R) 
S5.204 S5.205 S5.206 S5.207 S5.208 
John Paffett D-1 Frequency allocations 
VHF band interference measurement, analysis and avoidance 
Region 1 Region 2 Region 3 
137.175-137.825 SPACE OPERATION (space-to-Earth) 
METEOROLOGICAL-SATELLITE (space-to-Earth) 
MOBILE-SATELLITE (space-to-Earth) S5.208A S5.209 
SPACE RESEARCH (space-to-Earth) 
Fixed 
Mobile except aeronautical mobile (R) 
S5.204 S5.205 S5.206 S5.207 S5.208 
137.825-138 SPACE OPERATION (space-to-Earth) 
METEOROLOGICAL-SATELLITE (space-to-Earth) 
SPACE RESEARCH (space-to-Earth) 
Fixed 
Mobile-satellite (space-to-Earth) S5.208A S5.209 
Mobile except aeronautical mobile (R) 
S5.204 S5.205 S5.206 S5.207 S5.208 
138-143.6 138-143.6 138-143.6 
AERONAUTICAL MOBILE FIXED FIXED 
(OR) MOBILE MOBILE 
RADIOLOCATION Space research (space-to- 
Earth) 
S5.210 S5.211 S5.212 Space research (space-to-Earth) S5.207 S5.213 
55.214 
143.6-143.65 143.6-143.65 143.6-143.65 
AERONAUTICAL MOBILE FIXED FIXED 
(OR) MOBILE MOBILE 
SPACE RESEARCH RADIOLOCATION SPACE RESEARCH 
(space-to-Earth) SPACE RESEARCH (space-to-Earth) 
(space-to-Earth) S5.207 S5.213 
S5.211 S5.212 S5.214 
143.65-144 143.65-144 143.65-144 
AERONAUTICAL MOBILE FIXED FIXED 
(OR) MOBILE MOBILE 
RADIOLOCATION Space research (space-to- 
Space research (space-to-Earth) Earth) 
S5.210 S5.211 S5.212 S5.207 S5.213 
S5.214 
144-146 AMATEUR S5.120 
AMATEUR-SATELLITE 
S5.216 
146-148 146-148 146-148 
FIXED AMATEUR AMATEUR 
MOBILE except aeronautical FIXED 
mobile (R) MOBILE 
S5.217 S5.217 
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Region 1 Region 2 Region 3 
148-149.9 148-149.9 
FIXED FIXED 
MOBILE except aeronautical MOBILE 
mobile (R) MOBILE-SATELLITE (Earth-to-space) S5.209 MOBILE-SATELLITE 
(Earth-to-space) S5.209 
S5.218 S5.219 S5.221 S5.218 S5.219 S5.221 
149.9-150.05 MOBILE-SATELLITE (Earth-to-space) S5.209 S5.224A 
RADIONAVIGATION-SATELLITE S5.224B 
S5.220 S5.222 S5.223 
150.05-153 150.05-156.7625 
FIXED FIXED 
MOBILE except aeronautical MOBILE 
mobile 
RADIO ASTRONOMY 
S5.149 
153-154 
FIXED 
MOBILE except aeronautical 
mobile (R) 
Meteorological Aids 
154-156.7625 
FIXED 
MOBILE except aeronautical 
mobile (R) 
S5.226 S5.227 S5.225 S5.226 S5.227 
156.7625-156.8375 MARITIME MOBILE (distress and calling) 
S5.111 S5.226 
156.8375-174 156.8375-174 
FIXED FIXED 
MOBILE except aeronautical MOBILE 
mobile 
S5.226 S5.229 S5.226 S5.230 S5.231 S5.232 
174-223 174-216 174-223 
BROADCASTING BROADCASTING FIXED 
Fixed MOBILE 
Mobile BROADCASTING 
S5.234 
S5.235 S5.237 S5.243 216-220 S5.233 S5.238 S5.240 
S5.245 
FIXED 
MARITIME MOBILE 
Radiolocation S5.241 
S5.242 
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Region 1 Region 2 Region 3 
220-225 
223-230 AMATEUR 223-230 
BROADCASTING FIXED FIXED 
Fixed MOBILE MOBILE 
Mobile Radiolocation S5.241 BROADCASTING 
225-235 AERONAUTICAL 
FIXED RADIONAVIGATION 
MOBILE Radiolocation 
S5.243 S5.246 S5.247 S5.250 
230-235 230-235 
FIXED FIXED 
MOBILE MOBILE 
AERONAUTICAL 
RADIONAVIGATION 
S5.247 S5.251 S5.252 S5.250 
235-267 FIXED 
MOBILE 
S5.111 S5.199 S5.252 S5.254 S5.256 
267-272 FIXED 
MOBILE 
Space operation (space-to-Earth) 
S5.254 S5.257 
272-273 SPACE OPERATION (space-to-Earth) 
FIXED 
MOBILE 
S5.254 
273-312 FIXED 
MOBILE 
S5.254 
312-315 FIXED 
MOBILE 
Mobile-satellite (Earth-to-space) S5.254 S5.255 
315-322 FIXED 
MOBILE 
S5.254 
322-328.6 FIXED 
MOBILE 
RADIO ASTRONOMY 
S5.149 
328.6-335.4 AERONAUTICAL RADIONAVIGATION 
S5.258 S5.259 
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Region 1 Region 2 Region 3 
335.4-387 FIXED 
MOBILE 
S5.254 
387-390 FIXED 
MOBILE 
Mobile-satellite (space-to-Earth) S5.208A S5.254 S5.255 
390-399.9 FIXED 
MOBILE 
S5.254 
399.9-400.05 MOBILE-SATELLITE (Earth-to-space) S5.209 S5.224A 
RADIONAVIGATION-SATELLITE S5.222 S5.224B 
S5.260 
S5.220 
400.05-400.15 STANDARD FREQUENCY AND TIME SIGNAL- 
SATELLITE (400.1 MHz) 
S5.261 S5.262 
400.15-401 METEOROLOGICAL AIDS 
METEOROLOGICAL-SATELLITE (space-to-Earth) 
MOBILE-SATELLITE (space-to-Earth) S5.208A S5.209 
SPACE RESEARCH (space-to-Earth) S5.263 
Space operation (space-to-Earth) 
S5.262 S5.264 
401-402 METEOROLOGICAL AIDS 
SPACE OPERATION (space-to-Earth) 
EARTH EXPLORATION-SATELLITE (Earth-to-space) 
METEOROLOGICAL-SATELLITE (Earth-to-space) 
Fixed 
Mobile except aeronautical mobile 
402-403 METEOROLOGICAL AIDS 
EARTH EXPLORATION-SATELLITE (Earth-to-space) 
METEOROLOGICAL-SATELLITE (Earth-to-space) 
Fixed 
Mobile except aeronautical mobile 
403-406 METEOROLOGICAL AIDS 
Fixed 
Mobile except aeronautical mobile 
406-406.1 MOBILE-SATELLITE (Earth-to-space) 
S5.266 S5.267 
406.1-410 FIXED 
MOBILE except aeronautical mobile 
RADIO ASTRONOMY 
S5.149 
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Region 1 Region 2 Region 3 
410-420 FIXED 
MOBILE except aeronautical mobile 
SPACE RESEARCH (space-to-space) S5.268 
420-430 FIXED 
MOBILE except aeronautical mobile 
Radiolocation 
S5.269 S5.270 S5.271 
430-440 430-440 
AMATEUR RADIOLOCATION 
RADIOLOCATION Amateur 
S5.138 S5.271 S5.272 
S5.273 
S5.274 S5.275 S5.276 S5.271 S5.276 S5.277 S5.278 S5.279 S5.281 S5.282 
S5.277 
S5.280 S5.281 S5.282 
S5.283 
440-450 FIXED 
MOBILE except aeronautical mobile 
Radiolocation 
S5.269 S5.270 S5.271 S5.284 S5.285 S5.286 
450-455 FIXED 
MOBILE 
S5.209 S5.271 S5.286 55.286A 55.286B 55.286C 
S5.286D S5.286E 
455-456 455-456 455-456 
FIXED FIXED FIXED 
MOBILE MOBILE MOBILE 
MOBILE-SATELLITE 
(Earth-to-space) S5.286A 
55.286B S5.286C 
S5.209 S5.271 S5.286A S5.209 S5.271 S5.286A 
55.286B S5.209 S5.271 55.286B 55.286C S5.286E 
55.286C S5.286E 
456-459 FIXED 
MOBILE 
S5.271 S5.287 S5.288 
459-460 459-460 459-460 
FIXED FIXED FIXED 
MOBILE MOBILE MOBILE 
MOBILE-SATELLITE 
(Earth-to-space) 55.286A 
55.286B S5.286C 
S5.209 S5.271 S5.286A S5.209 S5.271 S5.286A 
55.286B S5.286C S5.286E S5.209 S5.271 55.286B S5.286C S5.286E 
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Region 1 
460-470 
470-790 
BROADCASTING 
S5.149 S5.291 A S5.294 
S5.296 
S5.300 S5.302 S5.304 
S5.306 
S5.311 S5.312 
790-862 
FIXED 
BROADCASTING 
S5.312 S5.314 S5.315 
S5.316 S5.319 S5.321 
862-890 
FIXED 
MOBILE except aeronautical 
mobile 
BROADCASTING S5.322 
S5.319 S5.323 
Region 2 Region 3 
FIXED 
MOBILE 
Meteorological-Satellite (space-to-Earth) 
S5.287 S5.288 S5.289 S5.290 
470-512 470-585 
BROADCASTING FIXED 
Fixed MOBILE 
Mobile BROADCASTING 
S5.292 S5.293 
512-608 S5.291 S5.298 
BROADCASTING 585-610 
S5.297 FIXED 
608-614 
RADIO ASTRONOMY 
Mobile-satellite except 
aeronautical mobile-satellite 
(Earth-to-space) 
614-806 
BROADCASTING 
Fixed 
Mobile 
S5.293 S5.309 S5.311 
806-890 
FIXED 
MOBILE 
BROADCASTING 
S5.317 S5.318 
585-610 
FIXED 
MOBILE 
BROADCASTING 
RADIONAVIGATION 
S5.149 S5.305 S5.306 
S5.307 
610-890 
FIXED 
MOBILE 
BROADCASTING 
S5.149 S5.305 S5.306 
S5.307 
S5.311 S5.320 
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Region 1 Region 2 Region 3 
890-942 
FIXED 
MOBILE except aeronautical 
mobile 
BROADCASTING S5.322 
Radiolocation 
S5.323 
942-960 
FIXED 
MOBILE except aeronautical 
mobile 
BROADCASTING S5.322 
S5.323 
890-902 
FIXED 
MOBILE except aeronautical 
mobile 
Radiolocation 
S5.318 S5.325 
902-928 
FIXED 
Amateur 
Mobile except aeronautical 
mobile 
Radiolocation 
S5.150 S5.325 S5.326 
928-942 
FIXED 
MOBILE except aeronautical 
mobile 
Radiolocation 
S5.325 
942-960 
FIXED 
MOBILE 
890-942 
FIXED 
MOBILE 
BROADCASTING 
Radiolocation 
S5.327 
942-960 
FIXED 
MOBILE 
BROADCASTING 
S5.320 
960-1215 AERONAUTICAL RADIONAVIGATION 
S5.328 
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Appendix E: Maps and projections 
General overview 
Throughout this thesis satellite ground tracks, footprints, and global interference results have all 
been displayed using an unprojected map of the Earth's surface, illustrated in Figure E-1. 
There is often a level of confusion between this and the Mercator projection, so for 
completeness a brief description of both is provided in the following section. 
ýeý 
101 
Figure E- 1. Unprojected global map 
A map is a visual representation of a part or the entire surface of the Earth. Since the spherical 
surface of the Earth cannot be laid flat on a plane without distortion, some form of 
transformation or projection must be used requiring a degree of approximation and 
simplification. There are many different types of projection or transformation [ 131 ], each of 
which introduces a different level of distortion to the map. 
Unprojected latitude and longitude map 
The unprojected latitude and longitude map, shown in Figure E-2 is formed by considering 
longitude and latitude as a simple rectangular co-ordinate system. Scale, distance, area, and 
shape are all distorted with the distortion increasing toward the poles. This type of map 
is 
ideally suited for displaying analysis results, satellite ground track and footprint 
information. 
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Figure E-2. Unprojected latitude and longitude map [45] 
Mercator Projection 
The Mercator projection, devised in 1569 by Gerardus Mercator, is a cylindrical projection, 
shown in Figure E-3. The projection has straight meridians and parallels that intersect at right 
angles. Scale is true at the equator or at two standard parallels equidistant from the equator. 
The projection is often used for marine navigation because all straight lines on the map are 
lines of constant azimuth. 
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Figure E-3. Mercator projection [45] 
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Contusion 
The unprojected latitude and longitude map is often confused with the regular Mercator 
projection. Several spacecraft engineering texts show satellite ground tracks on what they 
describe as a Mercator projection, which is in fact an unprojected latitude and longitude map. 
The two maps have a number of differences, which make them easily distinguishable. The 
scale on the regular Mercator projection can not extend between 90°S and 90°N, whilst the 
unprojected map can, albeit with severe distortion. The other significant difference between 
the two maps is that the lines of latitude on the unprojected map are equally spaced, whilst on 
the Mercator projection they are not. 
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Appendix F: NORAD two line element sets 
NORAD stands for the North American Aerospace Defence Command, and is a joint American 
and Canadian military organisation responsible for the aerospace defence of both countries 
[117]. As part of its responsibilities, it detects, tracks, identifies and catalogues all man-made 
objects orbiting the earth. 
Since 1957, more than 25,000 space objects have been catalogued, many of which have since 
re-entered the atmosphere. Currently, there are approximately 9,000 on-orbit objects being 
tracked, ranging in size from a tennis ball to the MIR space station. Reports indicate that about 
seven percent of these objects are operational satellites, fifteen percent are rocket bodies, and 
the remainder is space debris, fragments and inactive satellites [ 170]. The 1 S` Command and 
Control Squadron compiles all the information on these objects and produces the `Satellite 
Catalogue'. 
The satellite catalogue, contains orbital elements for each of the tracked objects, and is 
maintained primarily for military use, although the catalogue is also provided to NASA who 
distribute the information to other U. S. and international agencies. The orbital elements for 
unclassified spacecraft are readily available to the public given the satellites object number, and 
can be obtained from NASA, OIG or a number of other organisations. 
Satellite object numbers 
Satellite name Object Number 
UoSAT-2 14781 
UoSAT-3 20437 
UoSAT-5 21575 
KITSat-1 22077 
S80/T 22078 
HealthSAT-II 22827 
KITSat-2 22828 
PoSAT-1 22829 
Cerise 23606 
FASat-Bravo` 25395 
TMSAT-1' 25396 
UoSAT-12 25693 
Table F-1. Satellite object numbers 
' Since the launch of FASat-Bravo and TMSAT-1, the satellites 
have taken a number of object numbers, 
25395,25296,25298. Care should be taken when using archived elements 
for these satellites. 
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The orbital elements are distributed as two line Keplerian elements (TLE) [93], the format of 
which is explained below. It should be noted that the format is position sensitive. 
- Example two line element set 
23635B 
1 23635U 95040B 95215.97504380 -. 00000165 +00000-0 +10000-3 0 00018 
2 23635 004.1663 111.0618 7252147 179.2403 004.8644 02.18377056000000 
- The two line element set contains two lines of 69 characters, as illustrated below 
I<------------ Column number ------------- >1 000000000111111111122222222223333333333444444444455555555556666666666 
123456789012345678901234567890123456789012345678901234567890123456789 
1 23635U 95040B 95215.97504380 -. 00000165 +00000-0 +10000-3 0 00018 2 23635 004.1663 111.0618 7252147 179.2403 004.8644 02.18377056000000 
- Depending on the distributor of the element set, it may also contain a heading. 
1< ------------ Column number ------------- >1 
000000000111111111122222222223333333333444444444455555555556666666666 
123456789012345678901234567890123456789012345678901234567890123456789 
Satellite name 
1 23635U 95040B 95215.97504380 -. 00000165 +00000-0 +10000-3 0 00018 
2 23635 004.1663 111.0618 7252147 179.2403 004.8644 02.18377056000000 
- The format of the first line is 
ý-t --- -- 
TLE Format: Line 1 
Column number Description 
1 -Line number 
3- 7 Catalogue number 
8 Classification (U = unclassified) 
10 - 17 International 
designation 
19 - 32 Time and 
date, two digit year, day of year, fraction of the day 
34 - 43 First time 
derivative (Mean motion or ballistic coefficient) 
45 - 52 Second time 
derivative (decimal point assumed) 
54 - 61 
BSAT / Drag term (decimal point assumed) 
63 Ephemeris type 
65 - 68 
Element number 
69 Checksum (Modulo 10) 
Table F-2. TLE format: line 1 
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- The format of the second line is 
TLE Format: Line 
2 
Column number Description 
1 Line number 
3-7 Catalogue number 
9-16 Inclination (Degrees) 
18 - 25 Right Ascension of the Ascending Node (Degrees) 
27 - 33 Eccentricity (decimal point assumed) 
35 - 42 Argument of perigee (Degrees) 
44 - 51 Mean anomaly (Degrees) 
53 - 63 Revolutions per day (Revs per day) 
64 - 68 Revolution number at Epoch (Revs) 
69 Checksum (Modulo 10) 
Table F-3. TLE format: line 2 
Given a set of orbital elements with a given EPOCH time, the satellite position can be estimated 
at any instance in time after using the SPG4 orbital propagation model [78,95]. 
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Appendix G: Surrey satellites 
For over twenty years, the University of Surrey has been involved in design, development, 
manufacture, launch and operations of low earth orbiting micro and mini satellites. Since 
embarking in this area, the University and its wholly owned company Surrey Satellite 
Technology Limited (SSTL) have built and launched over fourteen satellites, with many more 
in the process of being developed or awaiting launch. 
The list below provides a brief summary of the current operational Surrey satellites. 
r 
// 1 
UoSAT-2 (1984) 
- Built in only 6 months 
- UoSAT-2 carries the first modern digital S&F communications 
payload and a prototype CCD camera 
UoSAT-3 (1990) 
- The first of SSTL's modular microsatellites 
Launched on the Ariane 4 ASAP 
Carries an operational S&F communications payload for SatelLife 
and Data Trax Inc (USA) 
UoSAT-5 (1991) 
- Carries S&F communications and Earth observation payloads, 
replacing those lost on UoSAT-4 
KITSat-1 (1992) 
- Korea's first satellite. 
- Technology transfer program 
between Korea and SSTL 
- Carries S&F communications 
DSP and Earth observation payloads 
John Paffett 
j 
S-801T (1992) 
- An industrial research microsatellite 
built by SSTL for Matra and 
CNES (France) 
communications experiments 
G-1 Surrey satellites 
Satellite carries a payload for performing `little LEO' 
VHF band interference measurement, analysis and avoidance 
HealthSat-2 (1993) 
- S&F communications satellite providing Email type 
communications for medical relief workers in remote regions. 
- Customer : SatelLife 
- System : `HealthNet' 
KITSat-2 (1993) 
- Korea's second satellite (Built in Korea) via the technology 
transfer programme with SSTL 
- Carries S&F, DSP communications and Earth observation payloads 
PoSAT-1 (1993) 
- Portugal's first satellite achieved through a technology transfer 
programme with SSTL 
- Carries S&F, DSP communications, GPS and Earth observation 
payloads 
Cerise (1995) 
-A military research microsatellite built by SSTL for Alcatel and 
DME (France) 
FASat-Bravo (1998) 
- Chile's second satellite 
Carries S&F communications and Earth observation payloads, 
advanced digital signal processing, autonomous orbital positioning 
with GPS and a transputer system 
Thai-Phutt (1998) 
- Built through a technology 
know-how programme with SSTL. 
- Carries S&F communications and 
Earth observation payloads, VI 
advanced digital signal processing, autonomous orbital positioning 
using GPS and a transputer system 
UoSAT-12 (1999) 
- Surrey demonstration satellite 
(First SSTL minisatellite platform). 
ýý 
- Carries advanced 
high resolution multispectral and panchromatic 
Earth observation payloads, LEO microwave digital 
communications and innovative propulsion and attitude control 
technologies 
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